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ABSTRACT
Compatibility in Stereoregul ar Polymer Blends
(September 1983)
Jessica Alison Schroeder
B.A. Mount Holyoke College
M.S., Ph.D., University of Massachusetts
Directed by: Professors Frank E. Karasz and William J. MacKnight
The behavior of isotactic and syndiotactic poly(methyl
me thacryla te ) s and blends of these polymers was investigated by
differential scanning calorimetry, dielectric relaxation, and high
pressure differential thermal analysis. The compatibility of isotactic
poly(me thyl/ethyl me thacrylate ) copolymers and isotactic poly(ethyl
me thacryla te ) blended with the s tereoregular poly (methyl me thacrylate)
s
was studied and interaction parameters calculated. The ability of the
isotactic polymers and copolymers to form a stereo co-complex with the
syndiotactic polymer was explored.
Isotactic and syndiotactic poly(methyl methacrylate) were
compatible. Only the copolymer with the smallest amount of ethyl
methacrylate, 23%, was compatible with syndiotactic poly(methyl
methacrylate). The interaction parameter for isotactic and syndiotactic
poly(methyl methacrylate) was small and negative; the interaction
parameter for poly(methyl methacrylate) and poly(ethyl methacrylate),
averaged over tacticity, was larger and positive; the interaction
parameter for the copolymer-polymer blends at the critical point was
V
small and positive. The blend behavior predicted by these calculations
was experimentally observed.
All the isotactic polymers but two formed a stereo co-complex with
the syndiotact ic polymers.
Isotactic and syndiotactic poly(methyl me thacrylate) were compatible
under pressures of up to 6,000 kg/cm^; the glass transition
temperatures of the polymers and blends increased with pressure. The
change in Tg with pressure, dTg/dP, decreased with pressure. The
results agree with the DiMarzio extension of the Gibbs-DiMarzio theory
of the glass transition. No dependence of dTg/dP on blend composition
was observed. A minimum in Tg vs blend composition was observed with
pressure; no minimum was present at atmospheric conditions. These
results were explained by extending a free volume argument to include
pressure effects
.
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CHAPTER I
INTRODUCTION
Polymer-polymer blending, the physical mixing of two or more
polymers, is an important way in which polymer properties can be
tailored to fit specific needs. The properties of a compatible polymer
blend are most often additive; the blend properties, such as modulus
and glass trans it ion, are some we ighted average of the pure polymer
properties
.
In some
, more rare , ins tances
,
syne rg ism occurs and the
physical property of interest is improved with respect to that property
for e ither of the pure blend constituents • Blending is often a simpler
and less expens ive way of obtaining des irable properties than is
copolymer izat ion. Several reviews have been published listing
compatible and partially compatible blends (1-5) and the experimental
techniques for determining compatibility (6,7)
.
Two examples of commercially important compatible polymer-polymer
blends are polystyrene (PS) blended with poly(2, 6-dimethyl-l,4-phenylene
oxide) (PPO) and poly(vinylidene fluoride) (PVFj) blended with
poly(methyl me thacrylate ) (PMMA) (5). In the first pair, PPO has
excellent thermal stability but is expensive and difficult to process.
Adding PS to the PPO produces a blend with reduced processing
temperature and lower cost. Various grades of the material can be
obtained by changing the PPO/PS ratio of the blend. PVFj/PMMA blends
are an advantageous combination of a polymer of superior chemical
1
resistance with a less expensive polymer. The solvent resistance of the
blends is poorer than for pure PVFj but improved over that of PMMA.
Properties which may be varied with blend composition are transparency,
toughness, weatherability, etc. The crystallinity of the PVFj depends
on the thermal history and amount of PVFj in the blend. Impact modified
polystyrene is an example of an immiscible polymer-polymer blend of
commercial importance. The brittle, glassy polystyrene can be toughened
by the addition of a diene rubber. The size of the rubbery domains and
overall blend morphology determine the mechanical properties of the
material.
Together with the growth in commercial use of polymer blends has
come a need to better understand the thermodynamics of poljnner-polymer
mixing and the interactions between blend components. Theories which
attempt to describe polymer mixing or predict polymer-polymer
compatibility are not, as yet, very reliable. Therefore, studies of
polymer blend phase behavior, and efforts to relate phase behavior to
polymer interactions, are of continuing importance.
This dissertation is an investigation of the behavior of blends of
s tereoregnlar poly(alkyl methacrylate)s. Isotactic and syndiotactic
poly(methyl me thacrylate ) s ( iPMMA and sPMMA) and amorphous blends of
these pol3aaers were studied, the phase behavior of isotactic
poly(methyl/ethyl methacrylate) copolymers blended with iPMMA and sPMMA
was explored, as was the association of the isotactic and syndiotactic
polymers into a stereo co-complex. For the purposes of this
dissertation, a compatible system is one that exhibits single phase
behavior on a macroscopic scale, for example, a single glass transition.
The results of previous investigations of blends of isotactic and
syndiotactic PMMA's will be presented in the next section of this
chapter. Subsequent sections will discuss the thermodynamics of
polymer-polymer mixing, theories of the glass transition, and the
experimental techniques used to study the stereoregular polymers.
Background
The compatibility of blends of isomeric polymer pairs has not been
widely studied in the past. For this reason, the system chosen for
study was isotactic poly(methyl me thacrylate ) blended with syndiotactic
poly(methyl methacrylate)
. The compatibility, or lack thereof, of the
stereoisomers of PMMA cannot depend on any chemical difference between
the polymers. Despite the chemical equivalence of the tactic forms of
PMMA, the conformational differences between the polymers effect the
polymer bulk properties, transition behavior, and thermodynamic
properties (8). Tacticity has been shown to have an effect on the
compatibility of polymer-polymer blends: isotactic PMMA forms an
incompatible blend with poly(vinyl chloride) (PVC) but syndiotactic PMMA
and PVC form a compatible blend for systems of up to 50% sPMMA (9);
iPMMA and sPMMA form compatible blends with poly(vinylidene fluoride)
but the interaction is stronger between iPMMA and PVFj than between
sPMMA and PVF2 (10). This was shown by studies of the melting point
depression of PVF2 and by infrared spectroscopy studies.
Another reason for interest is the ambiguity of the literature
reports about this particular polymer pair. Krause and Roman (11) found
iPMMA to be compatible with sPMMA, while Bauer and Bletso (12) found
them incompatible. These results are not necessarily contradictory
since neither the molecular weights nor the tacticities of the
respective polymers were the same in the two studies.
There have also been studies of the properties of the so-called
stereo co-complex of the two polymers. Isotactic and syndiotactic PMMA
associate in solution (13-18) and in the bulk (19,20) to form semi-
crystalline molecular aggregates. This is evidenced by gelation in
solution (13), NMR studies (21,22), X-ray analysis (23), and template,
or replica, polymerization (24-27).
It was, therefore, decided to begin a more systematic study of the
behavior of the s tereoregular pair, isotactic and syndiotactic PMMA.
Amorphous blends of the polymers were studied by differential scanning
calorimetry (DSC). The dielectric relaxations of the blends were
compared with the dielectric behavior of the individual polymers (28)
and with PMMA's of varying tacticity (29). The behavior of the pure
polymers and their blends under pressure was investigated using high
pressure differential thermal analysis (DTA). These experiments can be
used to determine blend compatibility since the Tg's of the pure
components are widely separated (~ 75^C). Chemical changes were then
made in the system by preparing isotactic poly(me thyl/ethyl
me thacrylate ) copolymers and s tudying the amorphous blends and stereo
co-complex formation of the copolymers with the PMMA homopolymers
.
Thermodynamics of Mixin g
This section will present a brief overview of the thermodynamics of
polymer mixing; it is not meant to be an exhaustive review. The
purpose of the discussion is to illustrate some of the factors and
problems involved in understanding mixing and compatibility in polymeric
systems. The interested reader is referred to reviews by Krause (3),
Olabisi et al. (30), and Paul and Barlow (5) and other papers cited
within. Only binary mixtures will be discussed.
The requirements for a stable, single phase mixture are that the
Gibbs free energy of mixing be negative and that the second derivative
of the free energy with respect to concentration be positive:
= ^m - TAS„ < » (Lla)
O^AG^/ax?)^ p > 0 (1.1b)
where AE^ is the enthalpy of mixing, AS^^ is the entropy of mixing, x is
the concentration variable , and the derivative is taken at constant
temperature and pressure. Figure 1 shows three possible free energy vs.
composition curves. Curve a is an example of a completely immiscible
system. Equation 1.1b is satisfied for curve b and the system is
completely miscible. Curve c is an illustration of a partially miscible
system. Between points A and B phase separation will decrease free
energy and separation occurs. Points A and B represent the compositions
of the two phases obtained. The region between C and D is completely
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Figure 1. Free energy of mixing for a) completely immiscible^ b)
completely miscible, and c) partially miscible blends.
unstable. Between points A and C and D and B the system is metastable;
small perturbations will not affect the mixture but larger perturbations
cause phase separation, C and D are the inflection points of free
energy curve c. The compositions between pure component 1 and A and B
and pure component 2 are stable since phase separation would increase
free energy. The mechanisms of phase separation differ depending on
whether the initial blend composition is in the metastable or unstable
region. Mechanistic differences are often reflected in the final
morphology of a phase separated polymer mixture. Also, if the viscosity
of the polymeric blend is very high, if the blend is in the glassy
state, the mixture will remain in the unstable or metastable state
indefinitely.
If the free energy vs. composition curve is now taken as a function
of temperature, phase diagrams, such as shown in Figure 2, can be
obtained. The boundary between the stable and metastable regions is
termed the binodal. The binodal is found by setting the chemical
potentials of the pure polymers equal in both existing phases. The
boundary between the unstable and metastable regions is the spinodal and
is simply the locus of the inflection points of the free energy curve:
O^AG„/3x?)t. p = 0 (1-2)
If phase separation occurs as temperature is increased, the
temperature at which the first separation appears is the lower critical
solution temperature (LCST). When separation occurs upon lowering the
temperature, the temperature of the initial separation is the upper
8I PHASE
UCST
COMPOSITION
Figure 2. Binary phase diagram showing binodal and spinodal curves and
critical temperatures
.
critical solution temperature (UCST)
. The critical temperatures are the
points at which the binodal and spinodal curves are tangent and can be
calculated by:
(a^AG^/ax^)^ p = oX^-i^T,? = 0 (1.3)
The critical points are indicated on the phase diagrams in Figure 2.
Low molecular weight systems generally exhibit UCST behavior and
polymeric systems usually exhibit LCST behavior.
Flory (31) and Huggins (32,33) developed a lattice model to
calculate the free energy of mixing for polymer solutions (F-H theory).
A combinatorial entropy of mixing and a van Laar type of enthalpy of
mixing contribute to the free energy of mixing. Scott (34) and Tompa
(35) applied the F-H theory of poljoner solutions to polymer-polymer
blends. The following expression for free energy was obtained:
AG^ = {RTV/W^)[{6^/xj^)ln6j^ + U^fx^)^^^^^ + X^i^i^i^ (1.4)
where V^. is the molar volume of the smallest possible polymer repeat
unit, is a polymer volume fraction, x is the degree of polymerization
of each polymer, and related to the enthalpy of mixing polymer
repeat units. X is known as the Flory-Huggins interaction parameter.
Since the entropy terms in equation 1.4 go to zero as the polymer
molecular weight (x^) increases, compatibility depends on the enthalpy
of mixing, on ^^-^2* ^12 positive, as it would be for non-polar
molecules, the blend would be incompatible. If X^^^ positive but
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small, partial compatibility might occur. would be negative, and
compatibility possible, if specific interactions, such as hydrogen
bond ing
, occurred
.
The F-H theory predicts only UCST behavior and can not describe
polymer-polymer blend behavior. No allowance has been made in the
theory for volume changes on mixing or for non-combinatorial
contributions to the entropy of mixing. Also, polydispers ity has not
been considered and the X parameter has been treated as constant with
respect to temperature, molecular weight, and composition.
Koningsveld and Klentjens (36) replaced the X parameter in equation
1.4 with an empirical g parameter which depends on temperature,
molecular weight, and composition. This parameter is expressed as a
function of temperature by:
8k = gk,l gk,2/T + gt,3T + g^^^Hn T+ ... (1.5)
The g parameter can also be used to account for non-ideal entropy
changes in the free energy of mixing. In which case, g must be
considered a free energy parameter rather than an enthalpy term (30),
The use of g allows one to predict an LCST as well as a UCST and bimodal
binodal and spinodal curves for polymer blends. However, this leads to
no understanding of the mixing process on a molecular level.
Newer treatments of polymer-polymer mixing are better able to
predict, from molecular considerations, the types of polymer blend
behavior that have been experimentally observed. Flory (37,38) and
Flory and co-workers (39,40) have developed an equation of state theory
11
which McMaster (41) has applied to polymer-polymer systems. Patterson
and Robard (42) have presented a simpler approximation of the Flory
theory. Huggins (43) has developed a new lattice treatment that
includes non-combinatorial entropy contributions to free energy and
volume changes upon mixing. Sanchz and Lacomb (44-46) have formulated
what has been characterized as a lattice fluid theory. These theories
appear to have the potential to accurately describe polymer blend
behavior in specific cases; the effect of molecular weight,
polydispersity. differences in thermal expansion coefficients, pressure,
and so on, on compatibility can be predicted. The current problem lies
in obtaining the necessary pressure-volume-temperature data.
Solubility Parameters
The Flory-Huggins interaction parameter has been written in the
following form (3,47-49):
Xi2 = (V^/RT)(5i - 82)^ (1.6)
where 5^ and 82 are Hildebrand solubility parameters (50) defined by
8 = (AE^/Vj)l/2 (j^j
and AE"^ is the energy of vaporization and V^. is a reference volume. The
square of the solubility parameter is known as the cohesive energy
density (CED). For polymers, 8 can be calculated from:
8 = p^Fj/M (1.8)
where p is the density, M the molecular weight of the repeat unit, and
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F. the group attraction coefficient which is summed over all the
structural units in the polymer. Tables of F. (51) and calculated and
experimental 8 values (30,48) are available for polymers.
Experimentally, pure component physical properties, such as internal
pressure (52), surface tension (53), and refractive index (54), may be
used to find 6.
Equation 1.6 is based on the assumption that the interaction energy
for two unlike polymer segments is equal to the geometric mean of the
interactions of each of the segments with a like segment:
Clo - (
€i 1 8oo
)
1/2
12 " ^^11^22' (1.9)
where e is the interaction energy. For non-polar, or slightly polar,
molecules this is valid. Equation 1.9 is not necessarily true when
there are strong intermolecular interactions between the polymers (or
polymer and solvent). Specific interactions were accounted for Hansen
(55), who considered the solubility parameters to be composed of three
parts: 8j^, hydrogen bonding; 6^, dispersive forces; and 5^, polar
forces. Bagley et al. (56) simplified this by defining a new parameter
2 2 1/2
5^, where 8^ = (8^ + 8^) ' . Also, as mentioned previously, when
specific interactions occur, expected to be negative. Equation
1.6 has been shown to give a negative Xj^2 ^^^^ ^ appropriate
temperature dependence (49). LCST behavior can be generated if the
temperature dependences of the solubil ity parameters of the pure
components are different (57)
.
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While the solubility paran>eter treatment is inexact, even with the
refinements discussed above, it has been useful in estimating polymer-
poljrmer blend compatibility (3,46,58).
Determination of Compatibility
There are a wide variety of experimental methods applicable to the
investigation of polymer-polymer miscibility (6,7). Often, a system
found compatible by one type of experiment will be found incompatible by
another. This is due to the different sensitivities of the techniques
and the scale of heterogeneity in the blend and non-equilibrium effects.
The method of blending may affect the results. One of the more common
methods for determination of compatibility in the solid state involves
the use of the glass transition temperature (Tg). Tg is an important
characteristics of a polymeric material since it is the temperature at
which the transformation from glassy to liquid or rubbery state occurs.
The modulus, index of refraction, heat capacity, and brittleness of the
polymer change with this transition. On a molecular scale, Tg is the
point at which large scale motion of the polymer backbone is allowed or
inhibited. Segmental mobility is a function of the local environment.
In a compatible blend the environment is uniform and a single Tg
intermediate to the Tg ' s of the pure components is observed. The exac t
temperature of the transition depends on blend composition. At the edge
of compatibility, a blend may exhibit one broadened transition or the
original Tg's may be shifted towards each other.
The compatibility of PMMA stereoisomers may be studied by Tg since
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despite the chemical identity of the polymers, the polymers have widely
separated transition temperatures. A brief discussion of glass
transition theories will be presented before detailing the experimental
techniques used to measure Tg in this investigation.
The glass transition
According to classical equilibrium thermodynamics, a second order
transition occurs when the second partial derivative of the Gibbs free
energy of mixing, with respect to temperature and pressure, is
discontinuous at the transition point. This means the heat capacity.
Cp. the thermal expansion coefficient, a. and the isothermal
compressibility, p, are discontinuous at the transition temperature.
The glass transition exhibits just these features and has been referred
to as a second order thermodynamic transition. However, the glass
transition must not be an equilibrium transition since the state of the
glass, obtained when cooling from the melt, is path dependent. Tg. the
density of the glass, and volume and enthalpy relaxations, are a
funct ion of the cool ing r& te • Vo luine and conforin& t ional re &dJus tment s
#
for a sample initially at equilibrium in the melt, cannot take place
within the time scale of the experiment as temperature is reduced. When
the rate of volume contraction equals the cooling rate, the
discontinuities in Cp, a, and P are observed. The freezing-in of a non-
equilibrium glassy state is the kinetic view of the glass transition.
The issue, whether the glass transition is thermodynamic or kinetic, has
yet to be resolved. Several reviews of the various glass theories are
available (58-60). An equilibrium theory of the glass transition, used
15
to analyze the pressure data obtained in this study, will be described.
Gibbs and DiMarzio (61-63) used a statistical mechanical theory,
based on a lattice model and characterized by flex energy, e. the number
of rotatable bonds, n^, hole energy. E^. the number of holes, n^.
coordination number, z, and the degree of polymerization, x. to describe
the equilibrium behavior of glasses (G-D theory). The model predicts a
second order transition at a non-zero temperature. Tj. At the
transition point the equilibrium conformational entropy becomes constant
at a value of zero. This resolves the Kauzmann paradox (64) which
states that if the entropy of a glass forming liquid is extrapolated
through the glass point, negative entropies are obtained. The rate
dependence of Tg is also explained by the model. As the transition is
approached from above, the number of conformational states available to
the polymer chains decreases. The free energy barriers between the
states become very high and response times become longer. Thus, the
true thermodynamic transition, Tj, is the underlying cause of Tg. This
implies a specific relationship between Tj and Tg which is often given
as Tg - Tj = 55» (58). DiMarzio et al. (65) extended this model to
include the effect of pressure on the glass transition. Other
statistical mechanical thermodynamic glass theories have appeared in the
literature in which modifications have been made to the lattice (66-69).
The alternative view, i.e. kinetic, of the glass transition makes
use of the concept of order parameters. Order parameters are
independent variables necessary, in addition to temperature and
pressure, to define the glass. In the liquid, the parameters can adjust
16
to minimize free energy, in the glass they are frozen at some constant
value. One or more order parameter may be needed to specify the
material (70-73). The conformational entropy or the number of rotatable
bonds, n^, and number of holes, n^, of the G-D theory could be taken as
order parameters. Oels and Rehage (72) suggest that is the result of
the freezing-in process at an infinitely slow cooling rate.
Experimental techniques
As noted above, Tg may be used to determine polymer-polymer blend
compatibility. One of the simplest techniques for measuring Tg is
differential scanning calorimetry (DSC). The experiment is quick,
requires only small amounts of polymer, and can use powder, film, or
pellet samples. An excellent discussion of the DSC, instrument
operation, calibration, rate effects, data analysis, and application to
polymers, is given by Richardson (74). The number of transitions and
the transition widths depend on blend compatibility. Phase separation
above Tg can be studied by annealing experiments; phase diagrams may be
constructed using information from a series of annealing experiments.
Differential thermal analys is at atmospheric pressure is described
in (74). In this study, a high pressure differential thermal analysis
instrument (DTA) was used to measure the glass transitions of polymers
under pressure. The instrument measures the difference in temperature
2between sample and re ferences cups under pressures of up to 6, 000 kg/ cm
at various programmable heating and cooling rates. A detailed
description of the instrument is given in Chapter II. The indications
of blend compatibility in DTA experiments are the same as for DSC
17
experiments: a single Tg intermediate to the pure component Tg's.
Annealing experiments under pressure may also be performed. Knowledge
of the behavior of polymers under pressure is of practical interest;
some high pressure applications of polymers are in aircraft coatings,
the explosives industry, and underwater materials. Polymer processing
techniques, such as extrusion, may subject polymeric materials to high
pressure. The properties of polymers fabricated under pressure are
different from the properties of the same material formed under
atmospheric conditions.
Dielectric spectroscopy may be used to probe polymer structure,
relaxations, and polymer-polymer compatibility (6,7,75,76). The
electrical properties of a material depend on chemical structure and
packing and the degree of homogeneity of these two factors. Any large
scale molecular rearrangement, a glass transition, for example, causes
significant changes in the dielectric behavior of a material.
Dielectric relaxation experiments are also sensitive to smaller scale
environmental changes and, therefore, can be used to investigate sub-Tg,
or glassy state transitions. The dynamic dielectric constants, e' and
c", are measured as a function of frequency at constant temperature, or
as a function of temperature at constant frequency. The frequency range
available is 10 ^ Hz to 10^^ Hz, and frequency can be changed with ease.
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CHAPTER II
EXPERIMENTAL
The object of this chapter is to describe the preparation,
characterization, and blending of the polymers used in this study, as
well as the instruments and experimental techniques employed.
Isotactic and syndiotactic poly(methyl me thacrylate ) s were obtained
commercially. The isotactic samples were fractionated before use; the
syndiotactic samples were used as received. A series of copolymers
prepared from the fractionated isotactic poly(methyl me thacrylate )
.
isotactic poly(methyl/ethyl me thacrylate ) s , were obtained from the same
source
.
The tacticities of the samples were determined by -^^C-NMR, the ratio
of methyl ester to ethyl ester in the copolymers by "^H-NMR. The number
average and weight average molecular weights and polydispersities of the
samples were determined by gel permeation chromatography (GPC). The
room temperature densities of the pure tactic polyCmethyl methacrylate)
s
were obtained.
Amorphous blends were prepared by co-precipitation or solution film
casting. The stereo co-complex was prepared in solution.
The experiments performed involved the use of differential scanning
calorimetry (DSC), dielectric relaxation measurements, and high pressure
differential thermal analysis (DTA)
.
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Material s and Characterizat inn
Isotactic and syndiotactic pn1 v(methvl me thacrvl
a
)
The isotactic and syndiotactic PMMA's were obtained from Polymer
Laboratories, Ltd., England. Pairs of isotactic and syndiotactic
samples were received in four batches and were handled separately. The
samples will be referred to as PL 1-4 i or s PMMA. The structures of
the polymers are shown in Figure 3a, b; three monomer units are
included to illustrate tactic triads. The s tereoregular polymers were
prepared by low temperature syntheses: the isotactic PMMA in toluene at
O^C with a Grignard initiator; the syndiotactic polymer in toluene at
-800C with Butyllithium as initiator (1). There are many descriptions
of the synthesis of s tereoregular poly(methyl me thacrylate ) s in the
literature (2-5). Yuki and Hatada (6) have published a comprehensive
review of s tereospecif ic syntheses of poly(methyl me thacrylate) s and
other poly(alkyl me thacrylate ) s
•
The tacticities of the samples were determined in terms of percent
tactic triads using a Varian CFT-20 Fourier Transform ^^C-NMR. The
samples were run in deutero-chloroform at room temperature. The use of
13C-NMR to determine tacticity has been discussed in the literature
(7,8). Micros true ture may be found from the chemical shifts of the a-
methyl carbon: peaks are observed at approximately 22.1, 19.0, and 16.6
ppm for isotactic , he tero tactic , and syndiotactic triads , respectively
(9).
For each of the isotactic samples, PL 1-4 iPMMA, a single carbon
25
H H H H
C
CH^ R CHj R
n/3
a) isotactic poly (methyl methacrylate)
H H H H H H
(\ V V X
A A A^""
CH3 R R CH3 CH3 R
b) syndiotactic poly(methyl methacrylate)
0
II
REC-OCH3
Figure 3. PolyTner structures for a) isotactic poly(methyl methacrylate)
and b) syndiotactic poly(metliyl methacrylate).
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peak at p - 22.0 ppm was observed. The iPMMA's are, thus, essentially
100% isotactic. Each of the syndiotactic samples, PL 1-4 sPMMA,
exhibited two peaks: one at p - 18.8 ppm, representing heterotactic
triads: and one at p - 16.5 ppm, representing syndiotactic triads.
Peak heights and areas showed that the polymers were composed of
approximately 75% syndiotactic triads and 25% heterotactic triads. The
^^C-NMR curves for PL 1 iPMMA and PL 1 sPMMA are shown in Figure 4a, b.
The weight and number average molecular weights (H^ and M^^) and
the molecular weight distributions (MWD = of the samples were
found using a Waters Associates Liquid Chroma tograph model 201 with a
differential refrac tome ter. The GPC was calibrated using narrow MWD
polystyrene standards obtained from Polysciences, Inc. Therefore, the
weights given are polystyrene equivalent molecular weights; there is
precedent for this in the literature (10).
The syndiotactic poljnners all showed a single, moderately broad,
peak in the GPC trace and were used "as received". Initially, the GPC
curves for the isotactic polymers indicated a tetramodal molecular
weight distribution. To obtain isotactic polymers with a monomodal
distribution, the highest molecular weight fraction in each sample was
removed by precipitation fractionation and the lowest molecular weight
fraction was removed by extraction.
Precipitation fractionation was performed by preparing a 1% by
weight solution of polymer in either chloroform or te trahydrofuran and
allowing it to stir overnight. Then non-solvent, Skelly B, a petroleum
ether, was added dropwise to the stirred solution. Non-solvent was
27
Figure 4. ^"^C-NMR spectra of a) PL 1 iPMMA and b) PL 1 sPMMA
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added until the solution became cloudy. The fine precipitate was
removed by filtration or centrifugation. The remaining polymer, the
major fraction, was precipitated by adding the solution to a ten-fold
excess of non-solvent. The polymer was collected and air dried.
The low molecular weight material was removed from the major
fraction by use of a Soihlet extractor. Hot methanol is a solvent for
low molecular weight PMMA. Therefore, methanol was used as solvent in
the two day extraction process.
After precipitation fractionation and extraction procedures, each
iPMMA sample showed a single, though broad, peak in a GPC curve.
Examples of GPC curves for syndiotactic PMMA and isotactic PMMA before
and after treatment are shown in Figure 5a, b, c. The molecular weights
and distributions for the isotactic and syndiotactic polymers are given
in Table 1.
The densities of compression molded films of PL 3 iPMMA and PL 3
sPMMA were measured at room temperature using a density gradient column.
The column was prepared from aqueous potassium bromide solutions and
calibrated using density standard beads (Ace Glass, Co.).
Polv(me thvl/e thyl me thacrylate ) copolymers
The PL 4 iPMMA was returned to Polymer Laboratories after
frac t ionat ion to be converted into a series of copolymers with varying
ratios of methyl to ethyl ester. The structure of the copolymers would
be shown in Figure 3a if a fraction of the methyl ester groups were
replaced by ethyl ester groups. The copolymers were prepared from
29
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Figure 5. GPC curves of a) sPMMA, b) iPMMA before fractionation,
iPMMA after fractionation.
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Table 1
Wj^, and (M^/Hj^) for Isotactic and
Syndiotactic Poly(methyl methacrylate)
Sample
w N
PL 2 iPMMA
PL 3 iPMMA
PL 4 iPMMA
Syndiotactic
PL 1 sPMMA
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isotactic PMMA. rather than synthesized from methyl methacrylate and
ethyl n.ethacrylate monomers, to ensure the same degree of tacticity for
the copolymers as for the isotactic homopolymer.
It was originally believed that a simple ester exchange could be
performed, replacing a given amount of methyl ester with ethyl ester.
However, the transesterif ication reaction did not occur when attempted
by both this researcher and Polymer Laboratories. Instead, a two step
reaction based on a literature report of hydrolysis of poly(alkyl
methacrylate)s (11) was carried out by Polymer Laboratories (1). The PL
4 iPMMA was hydrolyzed using concentrated sulfuric acid. The resulting
poly(methacrylic acid) was divided into equal amounts in order to
prepare isotactic poly (me thyl/e thyl methacrylate) copolymers ( i-
co(PMMA/PEMA) ) and one isotactic poly(ethyl methacrylate) homopolymer
(iPEMA). The poly(methacryl ic acid) samples, suspended in benzene, were
re-esterif ied by adding alternating aliquots of ethereal diazomethane
(CH2N2) and diazoe thane (C2H4N2) in appropriate amounts. It was assumed
that this procedure caused random placement of methyl and ethyl ester
groups. Results discussed in the following chapter (Chapter III) show
that this was a valid assumption. It should also be noted that the
reaction caused a yellow-brown discoloration of the samples. This
indicates the presence of some side product. The discoloration was
particularly severe for the i-co(29/71 PMMA/PEMA) sample (co-B). The
ratio of methyl ester to ethyl ester in the copolymers was obtained by
^H-NMR analysis and was provided by Polymer Laboratories. The
compositions of the samples are listed in Table 2.
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Sample
iPEMA
co-A
co-B
co-C
co-D
Table 2
Isotactic Poly(methyl/ethyl me thacrylate ) Copolyme rs
Ratio
Methyl :Ethyl
Ester
0:100
77:23
29:71
52:48
39:61
ST,W N
144,000 49,000 3
210,000 24.000 9
98,000 16,000 6
671,000 48,000 14
527,000 42,000 12
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The hydrolysis caused see chain scission as shown by a decrease in
copolymer molecular weight. In fact, an i-co(50/50 PMMA/PEMA) copolymer
had sufficient oligomer present to decrease the glass transition
temperature of the sample to below room temperature. This sample was
discarded. The copolymers provided by Polymer Laboratories to replace
the discarded sample (co-C and co-D) were prepared from unfractionated
iPMMA since the sample molecular weight and molecular weight
distribution would be altered by the hydrolysis reaction. The molecular
weights and distributions of the copolymers actually used in this study
are listed in Table 2.
Blend preparation
Several amorphous polymer-polymer blend systems were studied. PL 1
iPMMA was blended with PI 1 sPMMA (PL 1 i/s PMMA), PL 2 iPMMA with PL 2
sPMMA (PL 2 i/s PMMA), and PL 3 iPMMA with PL 3 sPMMA (PL 3 i/s PMMA).
The isotactic poly(ethyl methacrylate ) was blended with PL 4 sPMMA (i/s
PEMA/PMMA) and with PL 3 iPMMA (i/i PEMA/PMMA). The series of isotactic
copolymers, i-co(77/23 PMMA/PEMA) (co-A). i-co(29/71 PMMA/PEMA) (co-B),
i-co(52/48 PMMA/PEMA) (co-C). and i-co(39/61 PMMA/PEMA) (co-D), were
blended with PL 4 sPMMA. All blends were prepared on a weight percent
bas is
.
Blending of the pure PMMA samples was initially attempted by freeze-
drying; this method is believed to produce more initimate mixing than
other blending techniques (12). However, freeze-drying was not possible
with the polymers and solvents needed for this study. Therefore,
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blending was accomplished by co-precipitation or solution filn, casting.
In order to form amorphous blends of the stereoregular poly(methyl
methacrylate)s. a non-complexing common solvent must be used (13).
Chloroform was reported to be a non-complexing solvent; it was assumed
to be an equally good solvent for both forms of PMMA. The desired
amounts of the blend components were dissolved in a 4% chloroform
solution, stirred overnight, and co-precipitated into Skelly-B. The
precipitate was filtered and dried overnight in a vacuum oven at room
temperature
.
Blends containing iPEMA or iPMMA/PEMA copolymers were prepared by
casting thin films from 4% chloroform solutions. This was done because
only a small amount of these samples were available and it was felt that
this technique would minimize loss. The solvent was allowed to
evaporate slowly overnight and the films were then vacuum dried at room
temperature
The dielectric and high pressure experiments with the poly(methyl
methacrylate)s required samples in the form of films approximately 10
mil thick. Films of the isotactic and syndiotactic polymers and their
blends were formed by compression molding the powder samples obtained by
co-precipitation. Samples were molded at slightly above the glass
transition temperature of each sample.
Stereo co-complex formation
According to Feitsma et al. (13), de Boer and Challa (14), and
Vorenkamp et al. (15) a stereo co-complex composed of isotactic and
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syndiotactic PMMA can be formed in solution by using the correct
solvent. Among the solvents reported as strongly complexing were
acetone and d ime thyl sulphox ide
.
Formation of the complex is evidenced
by gelation if the solution is of high enough concentration. The
samples produced in this manner exhibited a melting or dissociation peak
when run on a DSC. In (15). the complex composition was found to be 1:2
isotactic: syndiotactic polymer.
In this study, the stereo co-complex was obtained by preparing 4%
solutions of isotactic and syndiotactic polymers separately, heating the
solution until the polymers dissolved, and then mixing the solutions,
while still warm, in a 1:2 isotactic : syndiotactic ratio. The time from
mixing to gel formation was noted. The following solutions were
prepared: PL 3 iPMMA with PL 3 sPMMA; i-co(77/23 PMMA/PMA) with PL 4
sPMMA; i-co(29/71 PMMA/PEMA) with PL 4 sPMMA; i-co(52/48 PMMA/PEMA)
with PL 4 sPMMA; i-co(39/61 PMMA/PEMA) with PL 4 sPMMA; and iPEMA with
PL 4 sPMMA. It was not expected that all the above combinations would
produce a stereocomplex. In the instances when a gel formed, the gel
was allowed to anneal for 6 weaks at room temperature. The solvent was
then slowly evaporated in air and the sample vacuum dried at room
temperature overnight. The samples were tested for a complex melting
point by differential scanning calorimetry (DSC).
Apparatus and Experimental Procedure
Differential scanning calor ime try (DSC)
A Perkin-Elmer DSC-2 with scanning auto-zero or thermal analysis
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data station (TADS) was used for the calori«etric work in this study.
Samples were heated at a rate of +20oc/min and cooled at -80oc/»in
(quench cool runs) or -IQoc/min (slow cool runs for comparison with high
pressure results; see below) at a range setting of 5 mcal/sec full
scale. The glass transition temperatures were taken as the temperature
at l/2ACp. The error in Tg is approximately +2o. Each sample was
scanned several times to make certain that sample behavior, especially
blend behavior, was reproducible; Tg ' s from the second run are
reported. Indium standards provided by Perkin-Elmer and distilled water
were used to calibrate temperature.
The original transitions of each blend component are replaced by a
single Tg when the blend is compatible. An incompatible system, on the
other hand, will show a transition for each blend component. An example
of a DSC thermogram for a compatible system is given in Figure 6a; an
incompatible system is shown in Figure 6b.
Annealing experiments were performed to ascertain whether phase
separation occurred in any of the (compatible) blends in the melt, i.e.
above Tg. This would indicate the presence of a lower critical solution
temperature (LCST)
. After the second DSC scan, the sample was held at
450 K for times of 20 min to 2 hrs; 450 K is above Tg for all samples
but below the degradation temperature of the polymers. The sample was
then quenched and re-scanned. If phase separation occurs, two
transitions would then be visible.
Values for ACp at Tg were found using the T/G program of the TADS
system. This program calculates the change in the specific heat of a
37
are 6, DSC thermograms for a) a compat ible blend and b) an incompatible
blend
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sample at the midpoint of the glass transition in cal/gram-deg
. It was
found (16) that ACp
'
s calculated by the TADS program were a consistent
2% high with respect to ACp's found by subtracting Cp(glass) from
Cp(liquid) at Tg with a sapphire standard for calibration.
Reproducibility was found to be within 20% for the data reported here.
Dielectric measurements
Dynamic dielectric measurements were performed with a General Radio
Capacitance Measuring Assembly of the transformer ratio arm bridge type,
model 1620A. The cell was a three terminal Balsbaugh type LD-3 having
53 mm diameter electrodes. In the dissipation factor mode the
equivalent series resistance and capacitance of the sample are measured
and the following calculated values may be obtained:
tan 8 = Dv
^2.1)
e" = e'(tan 6) (2.2)
e' = C/C^(l + tan^S) (2.3)
where tan 6 is the dielectric loss tangent, D is the dissipation factor
reading, v is the frequency in KHz, e" is the dielectric loss, e' is the
dielectric constant, C is the capacitance reading in picofarads, and
is the capacitance of the empty cell in picofarads. calculated by:
= (565/sample thickness in mils) + 9.0 (2.4)
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Equation 2.4 was found to be valid for this instrument (17). TTae sample
thickness used was an average of several measurements.
Tan 6 was measured for compression molded films of the stereoregular
poly(methyl me thacrylate ) s and their blends at 100 Hz. 1 KHz, 10 KHz.
and 100 KHz as temperature was scanned from -SOOQ to ISOOC. Temperature
was controlled through the use of liquid nitrogen cooled nitrogen purge
and a General Electric voltage regulator. The regulator controlled the
power supplied to heaters embedded in an aluminum block below the cell.
This arrangement did not always give a constant heating rate. The
temperature was measured at the sample by a copper-constantin
thermocouple and an Omega Engineering. Inc. model 199 digital
temperature indicator, type T. This is accurate to + 1/2 degree at
250c.
A detailed description of the instrument and the error involved is
given by Alexandrovich (17). The bridge is expected to be accurate to
1%. Other contributing errors arise from thermal expansion of the
samples, air gaps in the films, non-uniformity of film thickness, the
measurement of sample thickness, and changes in cell dimensions with
heating. A reasonable estimate of the total error is 5%.
High pressure differential thermal analysis (DTA)
The high pressure DTA was used to measure the glass transition
temperatures under pressure of the isotactic and syndiotactic
poly(methyl methacrylate ) s and blends of these polymers. Experiments
may be performed up to 6,000 kg/cm , from 250 to 600 K, at programmable
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heating and cooling rates of 0.6 to 40 K/min. A DTA similar to the
model used in this study, but with a heater external to the measuring
vessel, is described by Takamizawa (18). The current model, with the
exception of a few modifications, was used in a study of the pressure
behavior of polystyrene by Takamizawa and Karasz (19). The DTA used in
this study is described below. A schematic of the instrument is shown
in Figure 7 and a detail of the DTA measuring vessel with sensor and
heater is shown in Figure 8.
Pressure was generated by a hand pump with an intensifier; the
pressure generating medium was Dow Corning 200 fluid. 10 cs. silicone
oil. The oil was fed through high pressure steel tubing to a manganin
coil gauge wich measured the pressure in the system. This type of gauge
functions by recording resistance changes in the manganin coil with
changes in pressure. The gauge was maintained in a constant temperature
bath to prevent errors in pressure readings due to temperature
fluctuations. A Heise gauge, was added to the pressure line at a point
before the manganin gauge when calibrating the latter. The Heise gauge,
maximum 7,000 kg/cm^. Dresser Industries model CM24556, was factory
calibrated. The oil was then fed into a 50 cc reservoir. The reservoir
was intended to decrease the pressure changes which occurred due to the
heating and cooling during a run. The 50 cc volume increase was not
sufficient to make the runs truly isobaric. However, 50 cc was
considered the maximum volume of fluid that could safely be added to the
high pressure system. Next, the oil was led into the bottom of the DTA
measuring vessel. This steel vessel had screw closures at top and
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Figure 7. Schematic of the high pressure differential thermal analysis
ins trument (DTA)
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Figure 8. DTA measuring vessel and senso
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bottom through which plugs with pressure seals were introduced. The
pressure seals were Bridg.an type, two rings of copper on either side of
a ring of Teflon. The top plug held the sensor and the bottom plug a
resistance heater. The vessel was surrounded by a steel jacket which
acted as a thermal insulator; the space between the vessel and the
jacket was filled with a dry ice/ethanol bath during low temperature
runs. The steel in the DTA was SMCM 8 (AISI 4340), a
nickel/chromium/molybdenum steel. This part of the DTA was manufactured
by Hikari Kikai Kogyo. Ltd., of Japan.
A resistance heater was placed inside the measuring vessel and
rested on the bottom plug. The heater was fabricated from Macor, a
machinable glass, obtained from Dow Corning; chromel-A wire obtained
from Hoskins Manufacturing Co; and Sauereisen low expansion cement #29.
The wire was wound, non-inductively, around a Macor bobbin and a
pretective Macor sheath was placed over this core. The sheath was
attached to the core at the top by cement. A second version of the
heater simply coated the core with the cement, covering the wire
completely. A sheathed Philips thermocouple of 1 mm diameter was placed
inside a hole at the bottom of the bobbin. The Philips thermocouple led
through the bottom plug to the Rigaku temperature programmer circuit
(see below).
The sensor was fixed to the top plug and fit inside the hollow core
of the heater. A rubber 0-ring and flat metal ring were placed between
the top of the heater and bottom of the sensor body for protection.
Both the heater and sensor were fully surrounded by oil inside the
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measuring vessel. I^e sensor body was .achined fro. Macor. Two cera.ic
rods were placed in holes running the length of the sensor body. The
rods were supports for chrome 1-alume 1 thermocouples. Omega Engineering,
Inc.. unsheathed. 0.005 mm diameter. As reported in Turner (20). the
effect of pressure on chrome 1-alume 1 thermocouples is negligable for the
pressure range of interest in this study. Each thermocouple was silver
soldered to a 2 mm high. 2.6 mm inner diameter, platinum-10% rhodium
cup. one sample and one reference. Macor collars protected the
thermocouples in the small gap between cup bottom and ceramic rod. The
collars were attached to the cups by 3M Scotch brand epoxy, and to the
rods by the Sauereisen cement. A nichrome plated copper enclosure was
screwed over the top of the sensor; a 1 mm diameter hole at the top of
the enclosure allowed the oil to reach the cups. The effects at the
cups of thermal currents and gradients in the oil were moderated by the
enclosure. The sample and reference thermocouples emerged from the rods
at the bottom of the sensor body and were attached by screw joints to
Philips, sheathed chrome 1-alume 1 thermocouples. The Philips thermo-
couples passed through the top plug to an ice point and then to the
Rigaku DTA circuit (see below). The temperature at the sample cup. T.
and the temperature difference between sample and reference cups. AT,
were measured by this arrangement.
Rigaku Denki Co.. Ltd.. Japan, supplied the DTA electronics: a
temperature programmer which controlled the heater, a DTA circuit by
which the AT signal was measured, and panels with temperature and
pressure overscale shift indicators. The DTA circuit amplification
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ranged fro. ± 10 to ± 1,000 ^V: a slope adjust control for the AT
output was included. A 3-pen strip chart recorder registered the AT
signal, the temperature, T, and the pressure fromLUC t the manganin gauge, P.
The range for all pens on the recorder was set at 10 mV. Full scale for
the temperature pen. i.e. the voltage before an overscale shift occurred
was 2 mV. or about 50oc; full scale for the pressure was 1,000 kg/cm^.
The high pressure DTA as a whole was originally assembled by Rigaku in
Japan. At a later date a Bascomb-Turner Instruments recorder, model
8120 A. was added to facilitate data collection.
Temperature and pressure were calibrated for each sensor. Pressure
was calibrated by placing the Heise gauge in the system and comparing
the gauge reading with the pressure reading on the chart recorder. This
was done at three pressures for every shift level up to 6.500 kg/cm^, a
total of 21 points. The difference between the gauge and the chart
pressure, AP. was plotted vs the chart pressure. This curve was used to
correct all chart pressure values. Temperature was calibrated by
running indium, gallium, and tin standards at low pressure (150-250
kg/cm ). The appropriate pressure corrections were applied to the
standard melting points as given in Babb (21). Melting points were
extrapolated to zero heating rate by taking measurements at 20. 10. 5.
and 2.5 degrees per minute. A plot of the difference between the known
standard melting points and the measured melting points vs the measured
melting points was used to correct all temperature readings. Three
different sensors were used during the course of this study.
The amount of poljrmer sample used for each DTA run was approximately
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8 mg. A comparable volume of lead was placed on the reference side.
Small disks were punched from compression molded films of the polymers:
three or four disks were usually sufficient. The disks were placed in
the sample cup and heated, using a separate external heater, and
compressed while soft. This insured that there were no air gaps between
sample disks or between the sample disks and the cup. A thin layer of
3M Scotch brand epoxy. cat. no. 6006. was placed on top of the materials
in the sample and reference cups and allowed to cure overnight. The
epoxy prevented any interaction between the polymer samples and the
silicone oil. A series of DSC tests were performed to determine whether
the polymers and the epoxy interacted, and whether any transition due to
the epoxy would interfere, i.e. overlap, with observation of the polymer
transitions. The epoxy did not. in fact, interact with the polymers
being studied and, when the amount of epoxy on the reference and sample
cups were approximately balanced, the thermograms exhibited no epoxy
peak.
Data was obtained by running the samples in the following sequence:
the correctly prepared sample was placed in the measuring vessel and
heated above Tg; the desired pressure was applied and the sample cooled
at that pressure; Tg was obtained by re-heating the sample at the same
pressure. In this way. Tg was measured at the same pressure at which
the polymer glass had been formed. Samples were changed every 5-7 runs
to prevent epoxy and/or sample degradation. Samples were heated at 20
K/min and cooled at -10 K/min. The AT scale was + 10 jiV, and the slope
varied with sample and pressure. The temperature in mV was converted to
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•C using NBS circular #561: Thermometric Voltage in absolute Millivolts
for chrome 1-alumel thermocouples, reference at QOC. The pressure was
read directly from the chart. The transitions were determined from the
changes in slope of the AT trace. The onset of the transition was the
intersection of the baseline with the first change in slope, the
midpoint was halfway between the onset and the end of the transition,
the second change of slope. The temperature and the pressure (pressure
is not constant during a run) of the transition midpoints are reported.
An example of a DTA thermogram is shown in Figure 9 for PL 3 iPMMA.
Random error for samples with sharp glass transitions, i.e. isotactic
PMMA. 90i/10s PMMA. and 80i/20s PMM, was estimated at about ± 2% for
temperature and about + 3% for pressure." for samples with broad
transitions, the error is doubled. A more detailed analysis is given in
the Appendix.
Figure 9. DTA thermogram for PL 3 iPMMA.
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CHAPTER III
RESULTS A^© DISCUSSION
Introduction
Differential scanning calorimetry (DSC), dielectric, and high
pressure differential thermal analysis (DTA) experiments were performed
in order to study the behavior of s tereoregular polymers and their
blends. The purpose of this chapter is to present and interpret the
results of these experiments. The systems investigated were isotactic
and syndiotactic poly(methyl methacrylate ) . blends of isotactic and
syndiotactic poly(methyl methacrylate). blends of isotactic poly(ethyl
methacrylate) with isotactic and syndiotactic poly(methyl methacrylate)
and blends of isotactic poly(methyl/ethyl methacrylate) copolymers with
syndiotactic poly(methyl methacrylate). The compatibility, or lack
thereof, of the amorphous blends is discussed on the basis of DSC and
dielectric work; the formation of a stereo co-complex by certain of the
isotactic and syndiotactic pairs is discussed on the basis of gel
formation by the polymers in solution and DSC characterization; and the
high pressure behavior of the isotactic and syndiotactic poly(methyl
methacrylate)s and amorphous blends of these polymers is discussed on
the basis of the DTA experiments.
Calorimetric Studies of Stereoregular Polymers
and Polymer-Polymer Blends
One of the more common techniques for determining polymer-polymer
compatibility in the solid state involves the use of the glass
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transition temperature (Tg) (1). The criterion for compatibility is
that the blend exhibit a single Tg intermediate between the Tg ' s of the
pure components. The exact temperature of the transition depends on
blend composition. If a blend is marginally compatible, a single
broadened transition may be exhibited or the original Tg's may be
shifted towards each other and broadened (1-7). A totally incompatible
mixture displays the Tg's. unchanged, of the pure components.
Differential scanning calorimetry (DSC) is a simple and rapid method
of Tg determination. Tg is found from the step change in the heat
capacity vs temperature curve. In this study DSC was used to measure
the Tg's of isotactic and syndiotactic poly(methyl me thacrylate ) s ( iPMMA
and sPMMA) and amorphous blends of the s tereoregular polymers. The
behavior of isotactic poly(ethyl me thacrylate ) (iPEMA) and copolymers of
poly(methyl/ethyl me thacryla te ) s (iPMMA/PEMA) and amorphous blends of
these copolymers with the stereoregular PMMA's was also investigated.
Annealing experiments, holding the samples above the transition
temperature for a period of time, were performed to ascertain whether a
blend, compatible as initially prepared, phase separated in the melt.
If phase separation occurred, the individual component Tg's would
reappear. The lower critical solution temperature (LCST) , the
temperature above which the blend is incompatible and below which the
blend is compatible, may be determined by annealing at a series of
temperatures
.
To insure that all samples run in the DSC had identical thermal
histories, samples were first heated, at 20 K/min. to a temperature
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above Tg and then quenched at -80 K/.in. The samples were re-heated at
20 K/„in to record Tg. This cycle was repeated with the sa«e sa.ple to
check the reproducibility of Tg. The results of the second run are
reported except where noted. The temperature at the midpoint of the
step change in heat capacity was taken as Tg. Transition widths were
obtained by taking the difference between the temperature of the start
of the liquid baseline and the temperature of the first deviation from
the glassy baseline. ACp. where reported, was taken as the change in
heat capacity between the liquid and glassy states at the transition
midpoint.
The stereoregular poly(methyl methacrylate ) s and their blends were
precipitated from solution. The powders obtained were used as DSC
samples. In some cases, the Tg
' s of the powder samples were compared
with the Tg's of compression molded films prepared from the powder
samples. The results were identical for both types of sample. Blends
containing iPEMA or iPMMA/PEMA copolymers were solvent cast and the
dried films of these blends were run in the DSC. All blend compositions
are given as weight percent tactic component. As an example, a 20% by
weight isotactic and 80% by weight syndiotactic blend, prepared from
PL 1 iPMMA and PL 1 sPMMA, is labeled PL 1 20i/80s PMMA.
Stereoregular polvCmethyl methacrylate ) s and blends
The glass transition temperatures of PL 1 isotactic and syndiotactic
PMMA and amorphous PL 1 10i/90s, 25i/75s, 50i/50s, and 75i/25s PMMA
blends were measured using the Perkin-Elmer DSC-2, as were the Tg's of
PL 2 isotactic and syndiotactic PJIMA and the amorphous PL 2 20i/80s,
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40i/60s. 50i/50s. 60i/40s. and 80i/20s PMMA blends. The Tg's for the
pure blend components were 60oc for PL 1 iPMMA. 61oc for PL 2 iPMMA.
1250C for PL 1 sPMMA, and 132oc for PL 2 sPMMA. These values compare
well with the transition temperatures reported in the literature for
isotactic and syndiotactic poly(methyl methacrylate) s (8-11). ACpj^Q
was found to be 0.107 cal/gm deg and ^C,,^^^^ was 0.079 cal/gm deg.
These are the combined averages of several measurements on each of the
PL 1. PL 2. and PL 3 isotactic and syndiotactic polymers. These ACp
values are comparable to literature results (12-14) and have been used
for any subsequent calculations requiring ACp.
The transition temperatures and transition widths for the isotactic
and syndiotactic PMMA's and amorphous i/s PMMA blends are listed in
Table 3. Tg vs blend composition for the PL 1 and PL 2 series of blends
is plotted in Figure 10. Each blend exhibited a single transition whose
temperature varied smoothly with composition between the Tg's of the
pure syndiotactic and pure isotactic PMMA. This is the definition of a
compatible blend. As shown in Table 3, the transitions of the blends
have been broadened with respect to the transitions of the pure
polymers. This has been attributed to the existence of microdomains by
several authors (1,2,6,7). Each domain has a given Tg but the
transitions are close enough in temperature that they cannot be
resolved. A single, broad transition is observed. The difference
between the transition widths of the component isotactic and
syndiotactic polymers can also be explained by this argument. The
syndiotactic polymer is a mixture of ~ 75% syndiotactic triads and ~ 25%
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Table 3
Tg's and Transition Widths for Isotactic and Syndiotactic
PMMA and i/s PMMA Blends
ACpjso = 0.107 cal/gm deg; ACpgyj^jQ = 0.079 cal/gm deg
<;„ ,
Transition WidthS*°ple (oc) (oc)
PL 1 Series
PL 1 iPMMA 60 16
PL 1 75i/25s PMMA 69 24
PL 1 50i/50s PMMA 82 42
PL 1 25i/75s PMMA no 31
PL 1 10i/90s PMMA 112 21
PL 1 sPMMA 125 21
PL 2 Series
PL 2 iPMMA 61 13
PL 2 80i/20s PMMA 67 22
PL 2 60i/40s PMMA 79 35
PL 2 50i/50s PMMA 87 43
PL 2 40i/60s PMMA 95 37
PL 2 20i/80s PMMA 112 31
PL 2 sPMMA 132 29
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Figure 10. Tg vs composition for blends of isotactic and syndiotactic PMMA
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heterot.ctlc triads. The segments of different t.cticity „ay, .s for
blends. for„ separate domains, each .ith a representative Tg. n.e broad
syndlotactic fmA glass transition contains the transitions of the
different tactic domains. The isotactic polymer, which is > 9«
isot.ctic by triad analysis, contains a single tactic species and has a
narrow Tg.
The extreme transition widths of the PL 1 and PL 2 50i/50s blends
suggests that the microhe terogene i ty in the systems has increased to the
extent that these blends are only marginally compatible. Annealing
experiments were performed with these samples to determine whether phase
separation occurred in the melt. No evidence of phase separation was
found. The DSC thermograms of blends annealed at temperatures from 400
to 450 K were no different from thermograms of the quenched samples.
The LCST, if it exists for this blend, is above the degradation
temperature of the polymers. Therefore, isotactic and syndiotactic PMMA
form compatible blends at all compositions and temperatures tested.
Krause and Roman (8) also found that blends of isotactic and
syndiotactic poly(methyl methacrylate ) s were compatible. Tg was
obtained by dilatometry and the Tg vs composition curve that resulted
was similar to the curve in Figure 10. The number average molecular
weights, STj^, of the polymers in the earlier study (8) were in the same
range as the weights of the polymers used in the current investigation
(see Table 1). The Tg of a polymer is known to increase with increasing
molecular weight up to a critical weight; above the critical weight, Tg
is constant (15). The critical range of was found to be 38,000 to
58
ic
the
72.000 for atactic PMMA (16) and 30.000 to 60.000 for isotactic and
syndiotactic P5IMA's (17). The
.olecular weights of the isotact
polymers, both in the previous work and currently, were not above
critical molecular weight range. The weights of the syndiotactic
polymers, however, were high enough that Tg should have been independent
of molecular weight. Molecular weight affects polymer-polymer
compatibility as well as Tg. The compatibility of a polymer-polymer
blend decreases as the molecular weight of one or both of the components
is increased (18-20). Isotactic and syndiotactic PMMA might be expected
to decrease in compatibility as the molecular weights of the polymers
are increased. This is substantiated by the results of Bauer and Bletso
(21): isotactic and conventional PMMA's with viscosity average
molecular weights greater than 1.000.000 were found to be incompatible.
There are many equations in the literature which predict the Tg ' s of
mixed polymer systems on the basis of pure component properties; these
have been reviewed by Ryan (20) and Pochan et al. (22). For example,
the empirical Fox equation, originally formulated for copolymers and
poljrmer-plasticizer mixtures, is given by (23):
1/Tg = m^/Tgj + mj/Tgj (3.1)
where m^ is the weight or volume fraction of the given component and Tg^
the pure component Tg. More recently, an empirical equation predicting
the Tg's of polymer-polymer blends was reported (22):
Jin Tg = m^ln Tg^ + m2ln Tg2 (3.2)
where m^^ and Tg^ are the mass fractions and Tg's of the component
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polymers. An equation based on a cla^^irni aC ss cal thermodynamic treatment of
mixing was derived for compatible polymer-polymer blends (24):
In Tg = m^ACp^^n Tg^ + m^ACp^^Ln Tg^/m^ACp^ + m^ACp^ (3.3)
where m.. ACp,, and Tg, are the mass fractions, changes in heat capacity
at the transition, and the transition temperatures of the pure
components. Figure 11 compares the data obtained in this study for
blends of isotactic and syndiotactic PMMA with Tg vs. composition curves
calculated from equations 3.1. 3.2 and 3.3. For each of the equations,
the Tg's of PL 1 and PL 2 iPMMA were averaged to give Tg^ and the Tg ' s
of PL 1 and PL 2 sPMMA were averaged to give Tgj. The values for ACp,
were those found earlier for the isotactic and syndiotactic polymers.
ACp was held constant with temperature in equation 3.3, a first order
approximation. The calculated blend Tg's are listed in Table 4.
Although none of the equations give a particularly good fit with the
experimental data, equation 3.3 appears to give the best fit. It has
been demonstrated that equation 3.3 can be reduced to equation 3.1 or
3.2 by the appropriate simplifying approximations (20,22,24).
Therefore, equation 3.3 is the most generally applicable of these Tg-
composition relations.
Isotactic poly(methvl/ethyl me thacrylate ) copolymers
Isotactic poly(ethyl methacrylate) (iPEMA) and two poly(me thyl/e thyl
methacrylate) copolymers, i-co(77/23 PMMA/PEMA) (co-A) and i-co(29/71
PMMA/PEMA) (co-B), were prepared from PL 4 iPMMA as described in Chapter
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Figure 11. Tg vs composition calculated for i/s PMMA blends
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Table 4
Calculated Tg
' s for i/s PMMA Blends'
_
Tgj = 60. 50c. = 128. 50c.
ACpj
- 0.11 cal/gm deg, ACp2 = 0.08 cal/gm deg
Compos it ion
iso/ syndio e qn
. 3.1 e qn
. 3.2 e qn . 3.3
5/95
10/90
15/85
20/80
25/75
30/70
35/65
40/60
45/55
50/50
55/45
60/40
65/35
70/30
75/25
80/20
85/15
90/10
95/5
121.7
115.5
110.0
104.9
100.3
96.1
92.2
88.6
85.3
82.3
79.4
76.7
74.2
71.9
69.7
67.7
65.7
63.9
62.1
123.8
119.2
114.8
110.5
106.4
102.5
98.7
95.1
91.6
88.2
84.9
81.8
78.8
75.8
73.0
70.3
67.7
65.2
62.8
122.7
117.2
112.1
107.4
103.0
98.8
94.9
91.2
87.8
84.6
81.5
78.6
75.9
73.3
70.9
68.6
66.4
64.3
62.4
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see
II. The number and weight average molecular weights and
polydispersities of iPEMA, co-A. and co-B are in the same range as the
weights and dispersities of the isotactic PMMA's used in this study (
Tables 1 and 2). Two further copolymers were prepared. i-co(52/48
PMMA/PEMA) (co-C) and i-co(39/6l PMMA/PEMA) (co-D). from an
unfractionated isotactic PMMA. The number average molecular weights of
co-C and co-D are comparable to those of the other isotactic polymers,
but the weight average molecular weights and dispersities of these two
copolymers are significantly larger.
Tg vs copolymer composition and ACp vs composition curves for these
polymers are shown in Figure 12 a. b; the values have been listed in
Table 5 along with transition widths. The transitions of the copolymers
have been slightly broadened over those of the homopolymers
. Minima in
Tg vs copolymer composition curves, such as obtained in Figure 12a for
isotactic PMMA/PEMA copolymers, have been found for other copolymer
systems (7.25-29). The deviation of Tg from the additivity predicted by
the Fox equation, has been related to the effect of sequence
distribution by several authors (30-33). The intrachain steric and
polar interactions which influence Tg depend on neighboring monomer
units; the interaction in an AB unit is not necessarily the average of
AA and BB interactions. Johnston (33) has stated that most of the vinyl
polymers exhibiting a strong Tg dependence on sequence distribution are
those where both of the a-carbon substituents are large groups.
PMMA/PEMA copolymers fit into this category.
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Figure 12. Isotactic poly(methyl/ethyl methacrylate) copolymers a) Tg vs
compos it ion and b) ACp vs compos it ion.
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Table 5
Tg's and ACp's for Isotactic Po ly (me thyl/ethyl methacrylate) Copolymer
Sample
iPEMA
co-A
co-B
co-C
co-D
PL 3 iPMMA
Ratio
Methyl :Ethyl
0:100
77:23
29:71
52:48
39:61
100:0
Tg
(°C)
39
51
36
30
29
56
Trans ition
Width
in Degrees
4
10
14
14
13
10
ACp
(cal/ gm de
0.083
0.098
0.089
0.097
0.093
0.107
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The ACp vs composition curve in Figure 12b suggests that samples co-
A. B. C. and D are random copolymers. Ryan (20) reported that ACp
values of random copolymers obey the following relation:
ACp = w^ACp^ + W2ACP2
(3^^
J
where w. and ACp. are the weight fractions and heat capacities of the
pure components. ACp for the isotactic PMMA/PEMA copolymers fall along
the straight line connecting the heat capacities of pure iPMMA and iPEMA
as equation 3.4 requires. Reproducibility of ACp was within 20%. Had
the copolymers used in this investigation been synthesized from monomer,
the sequence distributions could have been found from copolymer
reactivity ratios. The method of preparing the copolymers, hydrolysis
of the original methyl ester groups and re-esterif ication with a mixture
of diazomethane and diazoethane. does not preclude the formation of
random copolymers. The fact that each copolymer has only a single
transition also implies random, rather than blocky, copolymers.
Amorphous blends of the isotactic copolymers with stereoregular PMHIA's
Blends of isotactic PEMA with PL 3 iPMMA were prepared as well as
blends of isotactic PEMA with PL 4 sPMMA. The DSC results are shown in
Figures 13 and 14. In each blend, the Tg's of the component polymers
appear essentially unchanged. Annealing the samples at a temperature
above the component Tg's produced no change in the DSC thermograms.
These blends are, therefore, incompatible. Hughes and Britt (34) and
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Figure 13. Tg vs composition for iPEMA/ iPMMA blends
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Figure 14. Tg vs composition for iPEMA/ sPMMA blends
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K.ei et
.1. ,35) found PMMA PEMA incc„p.tiMe. poI^.„
.„e
prob.bl.
.t.ctlc. Bossohe. et .1. <36)
..p„,.,. ,,,,
syndlot.ctic PMMA incoepatibU. It would s..„ tb.t the t.eticity
of tie PMMA-PEMA p.i. does not influence tbe results: the cbe.ic.l
difference between PMMA .nd PEMA, though only . CHj group, is the
overriding factor.
Since blends of isotactic PMMA and syndiotactic PMMA of the
molecular weights listed in Table 1 are compatible, and isotactic PEMA
is incompatible with both tactic forms of PMMA. there must be a
concentration of ethyl methacrylate in an isotactic PMMA/PEMA copolymer
above which an i-co (PMMA/PEMA) /sPMMA blend is incompatible. To
determine the critical EMA concentration, blends of the four isotactic
PMMA/PEMA copolymers. co-A. B. C. and D. with PL 4 sPMMA were prepared
and the blend Tg's measured by DSC. The results are presented in
Figures 15 - 18. Isotactic co-A, the copolymer with only 23% PEMA.
forms a compatible blend with syndiotactic PMMA. The line in Figure 15
has been drawn to connect the data points. The minimum in the Tg vs
composition curve at 80% co-A content is probably the result of the
broadening of the blend transitions with respect to the component
transitions. Also, the difference between the Tg's of co-A and the
80 co-A/20 sPMMA blend is within experimental error. The transition
temperatures and widths for the compatible copolymer-polymer blend are
listed in Table 6. Annealing the samples above Tg produced no change in
the thermograms. It is doubtful that the compatibility of these
particular blends has been caused by the low molecular weight of co-A
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Figure 15. Tg vs composition for co-A/sPMMA blends.
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Figure 16. Tg vs composition for co-B/sPMMA blends.
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Figure 17. Tg vs composition for co-C/sPMMA blends
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Figure 18. Tg vs composition for co-D/sPMMA blends
Table 6
Tg's and Transition Widths for co-A/sPMMA Blends
(co-A = i-co (77/23 PMMA/PEMA)
Sample
Tg
(°C)
Transition
Width
in Degrees
sPMMA
20 co-A/80 sPMMA
40 co-A/60 sPMMA
60 co-A/40 sPMMA
80 co-A/20 sPMMA
co-A
130
103
81
61
50
51
11
44
59
36
17
10
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= 24.000). The co-B/sPMMA Mends are inco.patiMe, as shown in
Figure 16. and co-B has a lower molecular weight than co-A (FT,
16.000).
The blends of co-C. 51% PMMA. with PL 4 sPMMA all exhibit two
transitions, see Figure 17. However, the sPMMA-Tg has decreased as the
amount of isotactic copolymer was increased from 0 to 60 weight percent.
The copolymer Tg remained unchanged in the blends. This indicates a
small amount of co-C has mixed with the sPMMA to form a sPMMA-rich phase
distinct from pure sPMMA and that a pure co-C phase also exists.
Annealing the blends above the temperature of the higher Tg narrowed the
transitions somewhat, signifying phase separation in the sPMMA-rich
domain at high temperatures. As co-B and co-D formed incompatible
blends with sPMMA. the above results imply that the critical
concentration in an iPMMA/PEMA copolymer for compatibility with
syndiotactic PMMA is about 45% EMA.
Interaction parameter calculations
A treatment based on the Flory-Huggins theory of polymer mixing was
recently introduced by Kambour et al. (37) to describe the phase
behavior of ternary systems, blends of random copolymer A-B with
homopolymer C. Ten Brinke et al. (38) subsequently extended the theory
to describe the behavior of random copolymer-copolymer blends. Using
this treatment, an expression for the Flory-Huggins polymer-polymer
interaction parameter. Xbig^j, can be obtained in terms of segmental
interaction parameters (37.38):
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Xblend - 'Xac + <1-«)Xbc " ^^^"^^Xab (3.5)
^AC Xbc and X^g are the segmental interaction parameters for a
blend of random copolymer (A,B,_^)^
.uh polymer (C)^. The copolymer
composition is given by x and (1-.). m the system currently under
investigation, A and B represent EMA and MMA segments, respectively, in
the isotactic PMMA/PEMA copolymers and C represents segments in the
syndiotactic PMMA homopolymer. In order to perform the calculations,
^AB ^'^d interaction parameters for isotactic EMA units with
isotactic and syndiotactic MMA units, were set equal. This
approximation was based on the previous conclusion that "chemis try-'is
more important than tacticity in determining PMMA/PEMA miscibility.
Equation 3.5 then reduces to:
\Und = <1-*>Xbc » ^AB (3.6)
where x is the amount of EMA in the copolymer, Xg^ is the interaction
parameter for isotactic and syndiotactic MMA segments, and X^g the
interaction parameter for MMA and EMA segments of unspecified tacticity,
Equation 3.6 can be used to calculate the interaction parameter for
isotactic and syndiotactic MMA segments, X^^, if X^iend ^^'^ ^ab ^e
determined.
The conditions for the Flory-Huggins interaction parameter,
\jIqj^^'
at the critical point of phase separation are given, at constant
temperature and pressure, by (39):
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where r, and „e the degrees of polymerization of the polymers.
Here, the subscript 1 .in be assigned to the copolymer. For PL 4
sPMMA, r^ is equal to 1530 (H = 153,000 and m - mn, trepeat unit ^^^f* To
obtain rj, JT^
..s averaged over the four copolya,ers and the average
repeat unit molecular
.eight ,.s used; r^ equals 304 (H„ - 32.500 and
repeat unit
^blend ^^^^ to 0.003 and Y.,blend
must be smaller than this value for compatibility to occur.
The interaction parameter has been expressed, for molecules of
similar size, as (39,40):
Xi2 ~ (V^/RT)(6i - ^2)' (3.8)
where 8^ 2 are Hildebrand solubility parameters (41), V^. is the
reference volume, R is the gas constant, and T is the temperature. If
the reference volume is taken as 100 cm^/mole. R as 1.987 cal/deg mole,
and T as 25^Q, then V^/RT is equal to 0.167 cm^/cal (40) and 8 is given
in units of (cal/cm3)l/2^ r^^^ limitations of the solubility parameter
approach have been mentioned in Chapter I and reviewed in the literature
(40-44). The most obvious shortcoming of this expression is that
can never be negative, the requirement for compatibility in high polymer
systems. However, since PMMA and PEMA are incompatible, Xj,j(^ should
be positive. Therefore, equation 3.8 will be used to estimate X^g ^^rom
equation 3.6) when A and B are EMA and MMA segments, respectively. Xg^^,
the interaction parameter for units of the compatible pair, isotactic
and syndiotactic PMMA, cannot be calculated by equation 3.8.
Values of 8.9 - 9.1 have been experimentally obtained for the
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solubility parameter of PEMA (43). Co.ie (45) found 6 P»mA-s of
varying tactlclty: 9.28 for
. sample
.ith 5* syndlotactlo dl.d. and
9.55 for a sample with 95* syndiotactic dlads. The solubility
parameters for tactic PMMA-s were averaged to give 9.4 and the
values for PEMA were averaged to give 8 -on c v* ° **PEMA - 9-0. Substituting these
values of and into equation 3.8 gives Xab equal to 0.027.
Equation 3.6 can now be used to calculate the interaction parameter
for isotactic and syndiotactic MMA units, x^^' The EJU content in the
PMMA/PEMA copolymer, x. that obtains at the critical point must be
substituted into the right hand side of equation 3.6 since X^^i*blend
is being substituted for the left side of the equation. At room
temperature, the critical EMA content in the isotactic copolymers was
estimated previously at 45%. X^[it^ and X^g ^^ave been calculated
and. for x = 0.45, X^^ is equal to -0.004. Roerdink and Challa (10)
found that the interaction parameters of the two forms of PMMA blended
with poly(vinylidene fluoride) differed; X.j = -0.1 for iPMMA/PVF,
blends and X^j = 0 for sPMMA/PVF^ blends. Therefore, interaction
between isotactic and syndiotactic PMMA. though the polymers are
chemically identical, might be expected. A small, negative value for
Xpc is not unreasonable. The magnitude of the interaction between the
two forms of PMMA is less than for the chemically distinct PMMA and
PEMA.
^blend copolymer-polymer i-co (P5IMA/PEMA) /sPMMA blends may be
calculated from the segmental interaction parameters. For example, for
co-A/sPMMA. where x = 0.23. X^^^^^^ = -0.002. This is less than the
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Kllnd of 0.003 and shows, as was found experimentally, that
this is a compatible blend at all compositions. Again using equation
3-^' Xblend the co-D/sPMMA blend was found to be 0.008. This blend
could be only partially compatible at best. The compositions at a given
temperature for which the blend will be compatible can be assessed from
the equation of the spinodal. At constant temperature (40):
^^blend^p = l/2(l/rji5j + l/rj^ij) (3.9)
where r^ and are the degrees of polymerization of the copolymer and
polymer. 6^, and eij are the volume fractions of the components, and
6^ = 6 and ^2 = (1 - 6). For the co-D/sPMMA blend at room
temperature, the spinodal concentrations are 6 = 0.95, 0.22. This
system will be compatible only if the copolymer concentration is less
than 22% or greater than 95%. In actuality, the compatible range is
even smaller since the binodal. the boundary between stable and
metastable regions, lies outside the spinodal. A hypothetical phase
diagram is shown in Figure 19. It is not surprising, then, that the co-
D/sPMMA blend was found to be incompatible for all compositions examined
by DSC.
Several assumptions were made in the theoretical model from which
equation 3.5 was derived (38). The segmental interaction parameters
were taken to be composition independent and the effects of
polydispersity and free volume were neglected. These assumptions were
made in the original Flory-IIugg ins treatment of polymer mixing. In this
analysis further approximations were made in going from equation 3.5 to
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Figure 19. Hypothetical phase diagram for co-D/sPMMA blends
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equation 3.6. The interaction parameters for isotactic EMA with
isotactic MMA and syndiotactic MMA were treated as equal. TT.is averages
out any differences in EMA/MMA interaction due to tacticity; this
average X^j^ was then used in the calculation of the interaction
parameter for isotactic and syndiotactic MMA segments. The use of
solubility parameters is also inexact. For these reasons, the
calculated X^^^^^'
s can only be viewed as estimates. However, applying
the mean field (37) analysis to blends of i-co (PMMA/PEMA) with sPMMA
does lead to predictions of blend behavior that agree with the
experimental findings.
Co-complex Formation of Stereoregular Polyme rs
Isotactic and syndiotactic poly(methyl me thacrylate ) s ( iPMMA and
sPMMA) are known to form ordered molecular aggregates under certain
conditions (46-49). The stereoisomers of PMMA associate, in what has
been termed a stereo co-complex, in suitable solvents in dilute (47) and
concentrated (50,51) solutions. Examples of strongly complexing
solvents are acetone and dimethylformamide, of weakly complexing
solvents are toluene and benzene, and of non-complex ing solvents are
chloroform and dichloromethane (52). The function of the solvent in the
association of stereoregular PMMA's is not well understood.
Complexation does not seem to depend on solvent polarity or solubility
parameter. The complex can also form in the bulk (53). Complex
formation is evidenced by gelation in moderately to highly concentrated
solutions (46) and, in dilute solution, by changes in NMR spectra
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(51.54). Properties of the complex for.ed in the buU or isolated fro«
solution are different fro. the bul. properties of the ho.opol^ers and
amorphous blends of the polymers. The solid complex exhibits a .elting
point distinct fro« the
.elting points of the pure crystalline polymers
(53) and only a s.all trace of the glass transition or. in some cases,
no Tg. X-ray analysis and the determination that the complex
stoichiometry is 1:2 isotactic
: syndiotactic (48) led Bosscher et al.
(55) to present a structure for the crystalline complex. n.e complex
consists of a 30/4 isotactic helix surrounded by syndiotactic chains of
a 60/4 helical conformation. It has been concluded that specific
interactions do not cause complexat ion. rather the geometry of the
chains allows association and stabilization is due to non-bonded van der
Waals interactions (49,55).
The isotactic poly (me thyl/ethyl methacrylate) copolymers introduced
above may. in a manner similar to isotactic PMMA. form a co-complex with
syndiotactic PMMA. To determine the validity of this, the complexing
ability of iPMMA/sPMMA. iPEMA/sPEMA. and i-co(PMMA/PEMA) /sPMMA pairs was
investigated. Complex preparation was by solution since annealing
mixtures of isotactic and syndiotactic PMMA's in the DSC. as described
by Feitsma et al. (53), did not produce any complex. It is believed
that the syndiotactic polymers used were not of high enough tactic
purity to allow complexation in the bulk. If the samples had been
annealed for longer time periods, co-complex might have been obtained.
Complexation of isotactic and syndiotactic PMMA did occur in solution
and this was chosen as the preparative technique. Gelation of the
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solution ,.s the criterion for complex formation. The complex ,.s
isolated by evaporating the solvent fro. the gel and characterized by
complex melting peak.
Solution formation of the st^r^o co-comn1^T
Separate 4% by weight acetone solutions of the following polymers
were mixed, while hot (550C), in a 1:2 isotactic : syndiotactic ratio: PL
3 iPMMA with PL 3 sPMMA; iPEMA with PL 4 sPMMA; i-co(77/23 PMMA/PEMA)
(co-A) with PL 4 sPMMA; i-co(29/71) PMMA/PEMA) (co-B) with PL 4 sPMMA;
i-co(52/48 PMMA/PEMA) (co-C) with PL 4 sPMMA; and i-co(39/61 PMMA/PEMA)
(co-D) with PL 4 sPMMA. The solutions were allowed to cool in air from
the 55«C mixing temperature; the time from mixing to the formation of a
gel and the rigidity of the gel were noted. The results are collected
in Table 7. Isotactic and syndiotactic PMMA form a gel immediately upon
mixing. This is in agreement with results in the literature (46). Co-A
and sPMMA form a rigid gel 14 min after mixing. The co-C/sPMMA and
iPEMA/sPMMA pairs form less rigid gels after approximately 48 hrs. The
isotactic co-B and co-D copolymers do not form gels even after several
weeks. There appears to be no correlation between the ability of an
isotactic PMMA/PEMA copolymer to form a co-complex with sPMMA and its
ability to form a compatible amorphous blend with sPMMA. Of the PEMA-
containing copolymers capable of complexation with sPMMA, only co-A was
found to be compatible with sPMMA. The factors which effect polymer-
polymer compatibility in amorpous blends are not necessarily the factors
which control stereo-association, especially when a third component,
solvent, is present.
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Table 7
Solution Formation of the Stereo Co-complex
Sample
iPMMA/sPMMA
i-co(77/23 PMMA/PEMA)/sPMMA
i-co(52/48 PMMA/PEMA)/sPMMA
i-co(39/6l PMMA/PEMA)/sPMMA
i-co(29/71 PMMA/PEMA)/sPMMA
iPEMA/sPMMA
Gel
Format ion
yes
yes
yes
no
no
yes
Time to
Gelation Gel Type
instaneous rigid
14 min rigid
^ 48 hrs semi-rigid
48 hrs semi-rigid
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Bosscher et al. (36) found that while isotactic PMMA and
syndiotactic PEMA formed a stereo co-complex, the reverse pair,
isotactic PEMA and syndiotactic PMMA. did not. Earlier, it had been
reported (56) that isotactic PMMA complexed with syndiotactic
poly(methacrylic acid) but that isotactic poly (me thacryl ic acid) could
not complex with syndiotactic PMMA. The stereo-selectivity of the
ability to associate was rationalized by the complex structure. Since
the isotactic polymer is the inner helix of a structure comprised of
concentric helices of isotactic and syndiotactic chains, any
modification of side groups on the isotactic chain has a greater effect
on complexing ability than modifications of the outer, syndiotactic.
chain (55). The results of this study suggest that the isotactic PMMA
chain can tolerate a certain amount of PEMA "error" before complex
formation is prevented. Isotactic co-A, with only 23% PEMA "errors" in
the chain formed a complex rapidly; the gel of the co-A/sPMMA complex
appeared to be as rigid as that of the iPMMA/sPMMA complex. As PEMA
content in the copolymer is increased to 48%, co-C, the complex can
still form, though not as raidly and to a lesser extent. The amount of
polymer actually incorporated into the gel was not determined. The
copolymers with 61% and 71% PEMA "errors" (co-D and co-B) cannot form
the complex.
The formation of a complex of the iPEMA/sPMMA mixture, although
slow, and not to as great an extent as iPMMA/sPMMA. is surprising and in
direct contrast to the literture reports (36.56). Perhaps the
difference in stereoregularity of the isotactic PEMA's, > 99% in this
85
two
study and 93% in t.e previous wor.. explains the results: the PEMA of
greater isotactic purity
.ay be regular enough in conformation to
associate with sPMAU. Complexation
.ight also depend on
.olecular
weight; the weight of the iPEMA in the current study was fairly low
(% = 49.000). One other possibility must be mentioned. The
copolymers that did not complex were strongly colored which indicates
the presence of some contaminant. The color could not be extracted. It
is possible that the impurity, by changing some property of the
solution, i.e. ionic strength, prevented complexat ion. If this is true,
then all the iPMMA/PEMA copolymers might associate with sPMMA and the
conclusions of Bosscher et al. (36) would have to be re-evaluated.
Characterization of the stereo co-cnmp 1ftT
The co-complex recovered from solution was characterized by melting
peak through the use of a Perkin-Elmer DSC-2. The DSC samples obtained
by drying the gels of iPMMA/sPMMA. co-A/sPMMA. co-C/sPMMA. and
iPEMA/sPMMA complexes all exhibited, on the first heating run. two
overlapping peaks whose temperatures were above the Tg ' s of both of the
pure components and amorphous blends of the components. In order to be
certain that the melting peaks were due to the co-complex and not pure
isotactic or syndiotactic PMMA crystallization, a control experiment was
performed. Films of isotactic and syndiotactic PMMA were each cast from
acetone solutions in a manner similar to the way co-complex samples had
been prepared for DSC. The lower temperature peaks of the co-complex
samples seemed due to some solvent stabilized syndiotactic structure
and/or the evolution of solvent. The higher temperature peak, however.
86
was unique to the co-co„plex. Upon re-heating a sa.ple. the
.elting
pealcs were lost and the Tg
'
s of that particular amorphous blend, whether
compatible or incompatible, re-appeared. For each of the co-co.plex
pairs, a fresh sample was then annealed for one hour at the temperature
of the onset of the lower temperature peak observed in the initial run.
Quenching and re-heating the annealed sample produced a single melting
peak representaive of the complex. Figure 20 illustrates the difference
between thermograms of annealed and unannealed sample for the
iPMMA/sPMMA complex.
Figure 21 compares the thermograms, after correcting for sample
weight, of all of the annealed co-complex samples. It can be seen that
polymer pairs which formed less rigid gels. co-C/sPMMA and iPEMA/sPMMA.
have a much smaller endotherm than pairs which formed highly rigid gels.
The amount of crystalline co-complex in the samples has decreased with
the addition of PEMA; domains of amorphous polymer must be present in
these samples. This is evidenced by the existence of Tg's in the
thermograms of Figure 21. The presence of amorphous polymer in the
PEMA-containing co-complex samples might be an indication that the ratio
of isotactic copolymer to syndiotactic polymer is not the 1:2 ratio
determined (48) for the iPMMA/sPMMA complex. Bosscher (52) reported
that amorphous polymer does not interact with the co-complex, that the
melting temperature of the complex is not altered by an excess of
isotactic or syndiotactic PMMA. If this is true, even for PER(A-
containing systems, the decrease in melting temperature for the
complexes with PEMA as compared to the pure PMMA complex is not due to
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Figure 20. Melting peaks for the iPMMA/sPMMA co-complex for the initial
heating run and after annealing.
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ure 21. Melting peaks after annealing for iPMMA/sPMMA, co-A/sPMMA,
co-C/sPMMA, and iPEMA/sPMMA co-complexes.
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in an
interaction with the amorphous domains, but to the formation of
inherently lower melting crystal structure. The PEMA "errors"
isotactic PMMA/PEMA copolymer alter the chain conformation and.
therefore, crystal structure. TK. onset and maximum temperatures for
the complex melting peaks have been listed in Table 8.
Each of the curves in Figure 21 that exhibit a Tg as well as a
complex melting peak, have only a single Tg intermediate to the Tg's of
the pure, amorphous, polymer components. For the co-A/sPMMA curve, the
single Tg is the transition of a compatible copolymer-polymer blend. A
single, though extremely broad. Tg is also observed in each of the
co-C/sPMMA and iPEMA/sPMMA curves. These polymer pairs form
incompatible amorphous blends; the complex appears to have forced
marginal compatibility on the non-complexed domains. The co-complex
might hold the non-complexed isotactic and syndiotactic chains in close
proximity, preventing segregation into separate amorphous regions.
Dielectric Relaxation Studies
Dielectric relaxation techniques may be used to determine the glass
transition temperatures of polar polymers in the bulk. At a given
frequency, a plot of dielectric loss, e", or the dielectric loss
tangent, tan 6, vs temperature will show one or more relaxation peak.
According to the nomenclature in (57), the transition at the highest
temperature is known as the a transition. In order of descending
temperature, transitions which occur at temperatures below that of the a
transition are termed p. y. and etc., transitions. The a transition is
associated with long range micro-Brownian motion, the rotation and
Table 8
ni(onset)
"^mCmax) Stereo Co-complexes
Sample
iPMMA/sPMMA
i-co(77/23 PMMA/PEMA)/sPMMA
i-co (52/48 PMMA/PEMA)/sPMMA
iPEMA/sPMMA
m(onset)
(»C)
157
151
158
150
m(max)
(»C)
185
170
178
172
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ions
translation of the polymer backbone. In amorphous polymers the a
transition corresponds to Tg. The lower temperature p and y transit
are. in amorphous polymers, glassy state transitions. The sub-Tg
transitions are caused by localized micro-Brownian motion of polymer
chains and/or rotation of side groups and rotation within side groups.
Impurities, fillers, plas t ic izers
. and traces of monomer or solvent may
also give rise to glassy state transitions.
The Tg's found from dielectric experiments may be used to
investigate the compatibility of polymer-polymer blends (1.7.58-60). As
discussed in the previous section (DSC results), the presence of a
single Tg for a polymer-polymer blend indicates miscibility; the exact
temperature of the transition will depend on blend composition. Sub-Tg
transitions might also be expected to shift depending on composition for
compatible blend systems.
Methacrylic polymers, having polar side groups, are candidates for
dielectric study. Investigations aimed at understanding the mechanisms
of the a and p relaxations of polyCalkyl methyacrylate) s have been
reported (61-65). Studies of stereoregular poly(methyl methacrylate)s
have also been reported (66-68).
Pure isotactic and svndiotactic polv(methvl methacrvlate
)
The temperature dependence of tan 5 at 100 Hz, 1 kHz, 10 kHz, and
100 kHz for compression molded films of amorphous PL 2 syndiotactic and
amorphous PL 2 isotactic PMMA is shown in Figures 22 and 23. The sharp
upturn in tan 5 at high temperature for the isotactic polymer (as well
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Figure 22. Tan 6 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 sPMMA.
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Figure 23. Tan 6 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 iPMMA.
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are
as for the blends) is due to conductivity losses. The results
similar to those obtained by Mikhaelov and Borisova (66) for
syndiotactic and isotactic PMMA; it should be noted, however, that the
exact tacticities of the polymers were not reported.
The PL 2 syndiotactic PmiA exhibited both an a transition and a
broad p transition. The a transition was less sensitive to frequency
than was the p transition due to the difference in the pseudo activation
energies of the two processes. E^^ and E^^ were previously found to be
150 kcal/mole and 21 kcal/mole. respectively (68). The PL 2 isotactic
PMMA. on the other hand, showed what appeared to be only a single
transition; it was assumed to be the a relaxation by comparison with
the results of Mikhaelov and Borisova (66). Their plot of tan 6 vs T at
28 Hz for the isotactic polymer showed a small p peak as well as the
larger a peak. The activation energies for the a and p relaxations of
isotactic PMMA were given as 120 kcal/mole and 10 kcal/mole.
respectively, in reference (68). It would seem likely that at the
higher measuring frequency of 100 Hz in this work, the p transition
shifted to high enough temperature to have merged with, or be obscured
by, the o transition. The lack of an observable p peak for isotactic
PMMA has also been reported in dynamic mechanical studies (69,70).
Lower frequency measurements might resolve the a and p peaks for the
PL 2 isotactic PMMA.
The dielectric Tg's, taken from the maxima of the a peaks at 100 Hz,
are 10° higher for both the isotactic and syndiotactic polymers than the
DSC Tg's. This is due to the different rates of measurement for the two
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types of experiments. At 100 a cclUO Hz. the difference between the Tg
' s of the
isotactic and syndiotactic PL 2 PMMA's TQo. This agrees with the DSC
data of the previous section. The difference between the p relaxation
temperatures of the two polymers cannot be determined since the p
transition was not observed for PL 2 isotactic PMMA.
Two aspects of the dielectric behavior observed for stereoregular
PMMA's must be explained by any proposed relaxation mechanisms: the
relative magnitudes of the a and p peaks, reversed for the isotactic
polymer with respect to the syndiotactic polymer; and the differences
in transition temperatures for the two types of PMMA. The proposed
relaxation mechanisms must account for the influence of chain
microstructure on the packing, density, and segmental motion of the bulk
state polymers.
The magnitude of the a transition is smaller than that of the p
transition for syndiotactic PMMA. The polar moiety of PMMA is part of a
side group rather than part of the main chain. Therefore, side group
rotation, the p relaxation, has a greater impact on effective dipole
moment than does long range backbone motion, the a relaxation. In the
case of the isotactic polymer, the magnitude of the a relaxation is
greater. The arrangement of ester side groups on the isotactic chain
must be such that the dipole moments of the relaxing segments reinforce,
enhancing the a peak for isotactic PMMA. Calculations of effective
dipole moments for the tactic poly(methyl methacrylate)s have confirmed
that re lax ing segments in the isotactic po lyme r have a higher moment
than segments in the syndiotactic polymer (66,71). For example, the
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apparent «o«ent per „ono»er unit was calculated by Pohl et al. as 1.43
and 1.265 Debyes. respectively, for isotactic and syndiotactic PMMA
(71).
Isotactic PMMA has a higher density than syndiotactic PMMA. The
densities of the polymers were measured for the PL 3 samples: at 25oc
the density of the isotactic polymer was 1.219 i 0.001 g/cc and the
density of the syndiotactic polymer was 1.181 + 0.001 g/cc. These
values agree well with literature values for tactic PMMA's (68). From
the polymer densities and free volume considerations, one would expect
the syndiotactic polymer to have the lower Tg . This is not the case;
isotactic PMMA has a lower temperature a transition than syndiotactic
PmiA. Theoretical modeling studies and various solution studies (72-77)
support the idea that it is the greater internal, i.e. intramolecular,
rotational mobility of the isotactic chain with respect to the
syndiotactic chain that causes the isotactic polymer to have the lower
Tg. Kiran et al. (69) and Gillham et al. (78) argue that this is not
necessarily true for polymers in the bulk state, that the difference in
inherent chain flexibility is not sufficient to cause a 60-70« Tg
difference. They proposed a mechanism involving intermolecular factors
(69,78): main chain rotation is hindered, and Tg increased, in
syndiotactic PMMA chains because of the interlocking of ester side
groups. The interlocking ester groups hold the chains apart and cause
the syndiotactic polymer to have a lower density than the isotactic
polymer. O'Reilly and Mosher (79), using Fourier Transform Infrared
spectroscopy to calculate the conformational energies of stereoregular
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PMMA. also concluded that side group packing effects Tg.
Literature results for dielectric (66) and dynamic mechanical (69)
experiments show that the p transition of the syndiotactic polymer
occurs at a higher temperature than the p transition of the isotactic
polymer. As mentioned previously, a 3 relaxation was not observed for
the isotactic polymer in this study. The intermolecular interlocking
argument can account for the literature results only if the p relaxation
of the syndiotactic polymer includes a segment of the main chain. The
greater free volume available for side group rotation in the less dense
syndiotactic PMMA should cause the p transition to take place at a lower
temperature. However, coupling the side group rotation with hindered
main chain motion increases the temperature of the p relaxation in the
syndiotactic polymer above that of the isotactic polymer (69).
Isotactic and syndiotactic PMMA blende
Plots of tan 6 vs temperature at 100 Hz, 1 kHz, 10 kHz. and 100 kHz
are given in Figures 24 - 28 for amorphous blends of isotactic and
syndiotactic PMMA. Compression molded films of PL 2 20i/80s, 40i/60s,
50i/50s, 60i/40s. and 80i/20s PMMA blends were tested. The data at 100
Hz for the blends and the pure components are shown together in Figure
29 for purposes of comparison.
Figure 29 shows that as the isotactic polymer was added to the
syndiotactic polymer, the a transition shifted to lower temperatures and
the P transition to higher temperatures. The 20i/80s and 40i/60s blends
exhibited a single, composition dependent Tg and are miscible. As with
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Figure 24. Tan 8 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 20i/80s
PMMA blend
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Figure 25. Tan 5 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 40i/60s
PMMA blend
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Figure 26. Tan 6 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 50i/50s
PMMA blend
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Figure 27. Tan 6 vs T at 100 Hz, 1 kHz, 10 kHz. 100 kHz for PL 2 60i/40s
PMMA blend
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Figure 28. Tan 5 vs T at 100 Hz, 1 kHz, 10 kHz, 100 kHz for PL 2 80i/20s
PMMA blend.
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Figure 29. Tan 8 vs T at 100 Hz for PL 2 PMMA blends
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the DSC glass transition results of the previous section, the a
transition has been broadened in the blends, ^.e a and 3 transitions
have shifted towards each other and merged for the 50i/50s. 60i/40s. and
80i/20s blends. This is not »eant to suggest, as described in
(61,80.81). that a coupling of a and p relaxation mechanisms has
occurred, simply that the two peaks have overlapped for the blends. Tg
cannot be obtained for the above three blends and no conclusions as to
miscibility for these blends may be drawn from the dielectric results.
An attempt to graphically subtract the p peak of the pure syndiotactic
PMMA from the tan 5 vs T curves of the blends was unsuccessful in
separating the peaks. It is possible that lower frequency measurements
would be able to resolve the transitions. As best as can be ascertained
from these experiments, the dielectric results agree with the DSC
results: this is a compatible system.
The dielectric results for blends of stereoregular PMMA's may be
compared with dielectric results for poly(methyl methacrylate) s of
intermediate degrees of tacticity. Shindo et al. (68) studied a series
of PMMA's with tacticities ranging from 100% isotactic to 71%
syndiotactic by triad analysis. The samples chosen for comparison with
the PL 2 polymer-polymer blends were 3s/llh/86i, 21s/15h/63i, and
54s/33h/13i polymers, where s, h, and i are syndiotactic, heterotactic
,
and isotactic triads respectively. It should be noted in comparing
current blend data with the literature results, that the PL 2
syndiotactic PMMA was 75% syndiotactic and 25% heterotactic by triad
analysis. Therefore, the PL 2 60i/40s PMMA blend composition, for
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example, was actually 60i/10h/30s.
The data fro. (68) was of the form e" vs frequency at various fixed
temperatures. The appropriate data points were replotted as e%s T at
100 m to match the form of the data in the current study. Values of e"
vs frequency were not available for temperature in the p transition
region. Therefore, e" at 100 Hz at a given T was found using a shift
factor, log a^^. The shift factors were calculated from:
log
= (-H^/2.303R)(1/T - 1/T^) (3
where is the activation energy of the p transition given in (68) for
each sample. R is the gas constant. T^ is the reference temperature, and
T is the temperature of interest. Equation 3.10 is an Arrhenius
relation as the WLF equation does not apply to the glassy state (15).
For each tactic PMMA sample from Shindo et al. (68). the lowest
temperature e" vs frequency curve was used as the reference curve; the
temperature at which this curve was obtained was T^. The calculated e"
at T was found by shifting log a^ along the reference curve. The
Appendix shows the calculations of the horizontal shift factors. The
vertical shift was assumed to be negligible for the glass.
The tan 8 vs T curves for PL 2 PMMA blends were converted to e" vs T
curves. The equations for obtaining e" from tan 5 were given in Chapter
II (eqn. 2.1-2.4); the calculations are given in the Appendix.
Figures 30-32 illustrate the results of the above calculations.
Blends are compared with polymers of the closest tactic composition:
the PL 2 60i/40s PMMA blend with the 21s/15h/63i polymer (Figure 30);
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Figure 30. e" vs T at 100 Hz; a comparison of the PL 2 60i/40s PMMA
blend with the 21s/15h/63i polymer.
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Figure 31. e" vs T at 100 Hz; a comparison of the PL 2 iPMMA sample and
the PL 2 80i/20s PMMA blend with the 3s/llh/86i polymer.
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Figure 32. e" vs T at 100 HzJ a comparison of the PL 2 20i/80s and
40i/60s PMMA blends with the 54s/33h/13i polymer.
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the PL 2 iPMMA sample and PL 2 80i/20s PMMA blend with the 3s/nh/86i
polymer (Figure 31); and the PL 2 20i/80s and 40i/60s PMMA Mends with
the 54s/33h/13i polymer (Figure 32). m Figure 30, where the
content of both samples is essentially the same, only one peak
Observed for both polymer and blend. The peak of the PL 2 60i/40s blend
is slightly broader, and the maximum about 6o higher, than for the
polymer. Figure 31 shows the behavior for the polymer and blend with
the highest isotactic triad content; again, only one peak is observed
for each sample. The 3s/llh/86i polymer from (68) has a peak
temperature and width intermediate to the peak temperatures and widths
of the PL 2 100% iPMMA and the PL 2 80i/20s blend. Figure 32 shows a
and p peaks in all three curves. The 20i/80s blend is closer in
composition to 54s/33h/13i sample than is the 40i/60s blend, and has a
closer resemblence of shape to the polymer curve.
The poly(methyl methacrylate ) s of varying degrees of tacticity
investigated by Shindo et al. (68) can be considered as copolymers of
the isotactic and syndiotactic forms of PMMA. Then, for the degree of
resolution possible in this study, the dielectric behavior of blends of
stereoregular poly(methyl methacrylate) homopolymers is similar to the
behavior of PMMA copolymers of the equivalent tactic composition. This
is not a surprising result as there are no chemical differences among
blend and copolymer components. Similar behavior of polymer-polymer
blends and random copolymers of the same composition has also been shown
by Krause and Roman (8) for poly( isopropyl acrylate) and
polymethacrylate, and by Alexandrovich (4) for polystyrene and poly(o-
chloro-styrene)
.
110
High Pressure Diff.r.n.^o i Therm.1 A.oi„. IS
Various discussions of the effect of pressure on the behavior of
polymers, polymer solutions, and polype r-poly.er blends can be found in
the literature. High pressure dielectric relaxation studies of bulk
state polymers (64.65,82-84) and pressure-voW-te.perature studies of
polymers (85-87) and poly„,er blends (88) have been reported. The effect
of pressure on upper and lower critical solution temperatures for
polymers in solution (89-93) and. more recently, in the solid state (94)
has been investigated. A few reports of high pressure thermal analysis
studies of polymer melting points (95) and polymer glass transitions
(96) are available. The current study makes use of a high pressure
differential thermal analysis (DTA) instrument to measure, under
hydrostatic pressure, the glass transitions of polymers in the bulk.
This DTA was capable of reaching pressures greater than the pressures
obtained in all but the last two above-mentioned studies. The
dependence of Tg on pressure, dTg/dP, was investigated for the
stereoregular poly(methyl methacrylate ) s and blends of isotactic and
syndiotactic poly(methyl methacrylate). The influence of blend
composition on dTg/dP will be discussed. As with the DSC experiments at
atmospheric pressure, a single transition for a blend indicates
compatibility, two or more transitions indicate incompatibility. Thus,
the phase behavior of the polymer blends under pressure may be observed.
The temperature-pressure cycle of glass transition measurement
described in the experimental section provided a series of "pressure
Ill
,lasse." f„, e.ch sa.ple. T, ieter.inad for e.ch sa.pU at
pres.„„s f.o. 100 to 4.000 o. 6.000 The transitions
.ere found
by heatln, fro„ ,Uss to U,„M at a pressure P.
..ere each gUss had
been forced by first coolln, the polymer ll,uid under the sa„e pressure.
P. Every glassitication pressure produces a different voW (density),
entropy, and enthalpy gl.ss (97): the glassy state is path dependent.
The problem of measuring Tg's for different glassy states is not simple
to resolve. Determining the transitions upon cooling from the liquid,
i.e. cuilibrium. state .ould not necessarily eliminate the problem.
The cooling rate might have to be adjusted to obtain the same pseudo-
equilibrium glass at each pressure. Cooling experiments
.ere not
performed since, for these samples, the transition during cooling .as
not always evident.
To compare the results of pressure studies from various sources, it
should be noted that: 1 atmosphere = 1.0133 bar = 1.0332 kg/cm^ =
14.696 lbs/in^ = 1.0133 x 10^ N/m^ (Pa).
Polymer glass transitions under pressure
Tg vs pressure was obtained for the PL 3 isotactic and syndiotactic
poly(methyl methacrylate ) s and for PL 3 90i/10s, 80i/20s, 70i/30s,
60i/40s. and 50i/50s PMMA blends. The results are shown in Figures 33
and 34 where transition midpoints are plotted. Tg increased with
pressure, as expected, for each polymer and polymer-polymer blend
tested. The scatter in the results for the 50i/50s and 60i/40s blends
is due to the width of the transitions for these blends,* broad
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gure 33. Tg vs P for isotactic and syndiotactic PMMA and 80i/20s
50i/50s blends.
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Figure 34. Tg vs P for 90i/10s, 70i/30s, and 60i/40s PMMA blends
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transitions caused difficultv i„ „ • •a tt y xn assigning the transition onset. The
transitions for the 20i/Rne ki j, /80s blend were so broadened that the glass
transitions oonld not be extracted ,ro„ the baseline. The 40i/.0s blend
was also erpected to have ertre^el, broad transitions. Since this .ould
have mad. Tg determination diffienlt. as .ith the 201/80s blend, the
40i/60s blend .as not tested by DTA. Tl-e 60i/40s. 50i/50s. and 40i/60s
blends exhibited transition widths of abont 40- m the DSC experiments.
In none of the samples, on any of the runs, .as any evidence of
crystallinity noted.
Each blend exhibited only a single Tg during a run; this was true
at all pressures. Annealing experiments under pressure, similar to
annealing experiments described for DSC work, were performed on the
50i/50s blend. No phase separation was seen. Thus, isotactic and
syndiotactic PMMA's are compatible for all compositions and pressures
s tud ied
.
Table 9 lists the values of dTg/dP found for each polymer and
polymer-polymer blend. The slope of the linear, i.e. 100 to ~ 1.500
kg/cm
.
part of the Tg vs P curves was taken as dTg/dP. dTg/dP is
plotted vs blend composition in Figure 35. It might be considered that
the data is scattered about a straight line connecting the dTg/dP values
of the pure components. The error in dTg/dP from experimental factors
is about 15-20%. Zoller and Hoehn (88) have performed pressure-volume-
temperature measurements on poly (2 . 6-dime thyl-1
. 4-phenylene ether) (PPO)
and polystyrene (PS) and a series of PPO/PS blends. From these
experiments. dTg/dP values for the pure components and the blends were
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Table 9
dTg/dP for Isotacti c and Syndiotactic PMMA and i/s PMMA Blends
Sampl
PL 3 iPMMA
90i/10s blend
80i/20s blend
70i/30s blend
60i/40s blend
50i/50s blend
PL 3 sPMMA
dTg/dP (deg/1000 kg/cm^)
21.2
21.7
19.1
23.9
25.5
19.9
26.2
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wt % iPMMA
Figure 35. dTg/dP vs blend composition for i/s PMMA blends.
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Obtained. T^. „g/dP values f„. the PPO/PS bU.ds
.e.e found to be
intermediate t. dT,/dP for the ho.opolyMers. and fairly constant. It i=
difficult to ascertain whether the results of the current study sho,
dTg/dP dependence on blend composition similar to that found by Zoller
and Hoehn (88); it is. in fact, not obvious, due to experimental error,
that there is any dependence of dTg/dP on blend composition for the
blends of stereoregular PMMA's.
DiMarzio et al. (98) have extended the Gibbs-DiMarzio (99,100)
statistical mechanical entropy theory of polymer glasses and the glass
transition to include the effect of pressure on the glass transition.
They concluded that the theoretical second order transition T^. which is
the underlying cause of the experimentally observed Tg (Tg - T- - 50o).
Should initially increase with pressure and then approach a finite
asymtote at high pressure. The pressure necessary to observe such an
asymtote was estimated to be 10 kbar. It follows that dT2/dP, or
dTg/dP, must go to zero, rather than a constant non-zero value, as P
goes to infinity. As can be seen in Figures 33 and 34, the pressure
data obtained in this study agree with the DiMarzio predictions: Tg has
begun to level off with pressure by 7.000 kg/cm^ (6.8 kbar) and dTg/dP
may be approaching zero.
For a true second order thermodynamic transition the following
Ehrenfest relations hold:
dT/dP = T-VAa/ACp
dT/dP = Ap/Aa
(3.11a)
(3.11b)
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where T is the transition temperature. V is the volume at the
transition, and Aa. ACp. and Ap are the changes, at the transition, of
the isobaric thermal expansion coefficients, the specific heat at
constant pressure, and the isothermal compressibility, respectively.
The equilibrium statistical mechanical DiMarzio et al. (98) theory shows
that equation S.lla.b should hold for T,. In the DiMarzio treatment,
this implies that the equation also holds for Tg. Alternatively, the
glass transition may be regarded as a freezing-in of internal order
parameters (86.101-104). Similar relations are again obtained if a
single order parameter describes the system and the parameter is held
constant along the transition line. dTg/dP must be taken at constant z
where z is the order parameter (86). When two or more order parameters
are required, the following inequality was found by Staverman (102):
T-VAa/ACp < Ap/Aa (3.12)
The predictions of various transition theories have been tested
experimentally by examining the pressure behavior of amorphous polymers
(85,86,96,103-110): conflicting or uncertain results were obtained. In
many cases the fault was in experimental technique and a consequent lack
of appropriate data. A valid test of equations 3.11 and 3.12 requires
that the thermal and pressure histories of identical samples be the same
for all measurements of the necessary quantities (109). As an example,
an approximate test of equation 3.11 was performed for iPMJIA. The right
hand side of equation 3.11a was solved using V and Aa obtained from the
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literature for an isotactic PMMA (13) in conjunction with the T, and ACp
found in this study hy DSC for PL 3 iPMMA. Tl.ese results obtain at
atmospheric pressure and lead to a value of 22.40/1.000 kg/c.^. ^-^
can be compared to dTg/dP found in this study fro. the pressure worle.
Fro. Table 9. dTg/dP for PL 3 iPMA equals 21.2o/i.000
.g/c.^.
al. (106) found, from pressure-volume-temperature experiments. dTg/dP
equal to 21.1o/,bar (21.50/1.000
.g/cm^) for an isotactic PMMA. Tl.e
right hand side of equation 3.11b was solved using the Aa from (13) and
a calculated from
p^.G ^or PL 3 iPMMA (see below); a value for Ap/Aa
of 33O/1.000 kg/cm2 was calculated. The results show, as found
previously by some workers (85.103.110-112). that dTg/dP ~ Tg'VAa/ACp <
Ap/Aa. No conclusions about the theories of the glass transition may be
drawn from these reults since data from several sources was combined.
There is also a considerable degree of experimental uncertainty in the
relevant quantities.
The Tr's of blends of stereore ^ular PMMA's along an isobar
A further look at Figures 33 and 34 show that the curves for the PL
3 90i/10s and 80i/20s PMMA blends fall below the curve for the low Tg
component, PL 3 iPMMA. The DTA curves for these samples have been
reproduced using two different sensors and the same results were
obtained. The data was re-plotted as Tg vs composition along an isobar
in Figure 36; the curve for the blends at atmospheric pressure,
obtained by DSC for the PL 3 samples, was included for comparison. The
thermal history of the samples run on the DSC was identical to the
history imposed on the DTA samples; the samples were heated above Tg,
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cooled at -10
» race of 20 fC/nin at a constant
pressure of 1 atmosphere. Figure 36 shows that the • •"u cn minimum occurs at
-o- S..., isotact. content.
^^^^^^
been ohser.ea for copol^ers h. others (a5-2„ an. h. this author for
iPMMA/PEMA copolymers h„t ^
•
» . bu It IS not a phenomenon previously observed
for polymer blends. An equation based on a free volt ume approach was
used to fit the data; the analysis is given bel„».
TTa largely pheno.enologxcal tree volume
.odel has been used to
rationally. „any properties of polymeric systems. The model „s first
formulated to erpl.in molecular transport in a liquid (113.114).
Several reviews describing the further development of the theory and its
application to polymer properties may be found in the literature (115-
117). The application of the mode, to mu.ticomponent polymeric systems
has been discussed by Chompff (118) and Lip.tov (119). Pochan et al.
(22) have provided a brief survey of equations derived from free volume
theory used to calculate the T, of polymer-diluent, polymer-polymer, and
copolymer mixtures. An equation obtained by Chompff (118) to calculate
the Tg of a mnlticomponent system from properties of the pure components
and a mixing, i.e. interaction, parameter was adapted for a treatment of
the pressure data. The Tg of the blends at each pressure .as fit by:
Tg^
- AaiTgjWj + AujTgj.j -
S2''l»2'''^<'l«l * * "uVl <3-13)
where Auj •
-
Og. the difference between the thermal eipansion
coefficients of the liquid and the glass at Tg. Tg, is the glass
transition of the pure component at pressure P. w. is the weight
121
wt. % iPMMA
Figure 36. Tg vs composition along an isobar for i/s PMMA blends
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fraction of the pure component, and k,, t Jt12 ^12 '°12^* *as expected
th.t be pressure dependent: Aa^ depends on temperature and
pressure. The subscript 1 ,.s assigned to the lo«er component. Tbis
equation has a single adjustable parameter. I,,,
.bicb is related to the
change in mobility of the polymer chains upon mining. The parameter is
Obtained
.hen the free volumes of the t.o components are not assumed
additive on mixing (118):
= + ^
^12h^2 (3.14)
where f^ is the fractional free volume of the mixture at equilibrium and
fi is the fractional free volume of the pure component. In this
equation, the volume fraction. 6, of the original theory, rather than
the weight fraction, is shown. A precise definition of free volume is
not necessary for this data analysis and. in any case, the true physical
meaning of free volume is not clear (119). Free volume is generally
considered as the volume over and above the hard core molecular volume
and it is the volume available for molecular motion. The concept of an
excess free volume of mixing was also supported by Lipatov (119). A
positive would indicate an increase in polymer mobility. An entropy
treatment, that of Couchman and Karasz (120) for example, would give an
equation analogous to equation 3.13 with ACp replacing Aa and Sjj
replacing k^^j*
^±2 ^® related to the excess entropy of mixing and
^12 ~ '^12 ^ ^12 ^12 dependent on temperature and pressure. The
entropy treatment was not applied here since obtaining the temperature
and pressure dependence of ACp^ would be more difficult than obtaining
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the T,P depaadance of Aa^. Howavar,
.s „otad ia (117.119,120). voW
.nd antropy
.„ closely raUted par..atars with raspact to tha glass
trans it ion.
In order to solve equation 3.13 for Tg, at a given pressure. Aa. and
kl2 must be found at each pressure. The Tg's of the pure components at
P are known and the weight fractions are assigned. ITxe Tait equation
was used to calculate the change in Aa. with pressure when Aa. = a, - a.1 Lf G
(103,105)
:
- -O
°iL.G = «iL.G ^ PP(d^nB/dT) O 15)
and
B = B^exp(-BiT) (3
where u^l.G thermal expansivities of the liquid and glass at
pressure P. a°^ Q are the expansivities of the liquid and glass at
atmospheric pressure, B is the temperature dependent Tait parameter, and
B^ and B^ must be determined experimentally for each material in the
liquid and glassy states. The compressibility, P, is given by (106):
p = C/([1-C)ln(l + P/B)](P + B)I (3.17)
where C is a universal constant equal to 0.0894. The Tait equation was
found to be valid for polymeric liquids and glasses by Simha et al.
(121). Values of
^iL G ^^^^ taken from (13) for isotactic and
commercial (to approximate syndiotact ic) PMMA. Values for the Tait
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parameter B. B^ and B,. for both liquid and glassy isotaotic and
syndiotactic PMMA were taken from (106).
The parameter k,^ was found at each pressure by setting the
derivative of Tg with respect to w^. dTg/dw^. equal to zero, thus
setting the condition for a minimum, and solving for l^^ and m,^. The
weight fractions, w.. were given their values at the minimum and Tg. at
pressure P were supplied. Initially, this was done using k, , = +
n.i2T. Chompff (118) stated that this temperature dependence of
valid for T ~ Tg ± 500. I„ the current analysis, however, the
temperature range was too broad to allow the above dependence to hold.
The calculations were finally performed after setting m^^ equal to
zero; kj2 is then a constant at each pressure, and equal to l^^- The
equation for Tg^^ still contains a temperature dependence in the Aa's.
The calculations were performed at four pressures. 100 kg/cm^. 500
kg/cm^. 1,000 kg/cm^, and 3.000 kg/cm^, and atmospheric pressure. The
calculated values of Aa^, p^, and il^j shown in Table 10; the Tg^ vs
composition curves generated at each of the pressures from equation 3.13
are compared with the experimental data in Figure 37. As seen in the
figure, all four high pressure curves exhibit a minimum while the curve
at atmospheric pressure does not. This is in agreement with the
experimental data, though the data points show a larger minimum. The
trend in the calculated compressibility coefficients, q, is as
expected: P decreases with increasing pressure and the change is
greater for the liquid. The Aa of the syndiotactic PMMA increases with
pressure since Tg increases with pressure. The trend in Aa for the
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500 kg/cm + exper
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Figure 37. Calculated Tg vs composition curves at 1 atmosphere, 100
kg/cm^, 500 kg/cm^, 1,000 kg/cm^, and 3,000 kg/cm^.
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isotactic polymer is opposite that of the syndiotactic polymer.
However. Quach et al. (106), the source of the Tait parameters for the
PMMA's. have stated that there was some irregularity in the experimental
data from which the B values for glassy isotactic PMMA were calculated.
The parameter l^^ (k^^) is positive and increases with pressure.
The free volume model, intermolecular packing considerations, and
the behavior of k^j suggest a justification of the minima in Tg vs
composition curves with pressure. That k^^ is positive indicates an
increase in polymer mobility in the blend with respect to the pure
components. This does not necessarily mean that the volume of mixing is
positive. In the discussion of the dielectric relaxation results,
intermolecular interlocking of side groups was cited to rationalize the
lower density but higher Tg of the syndiotactic polymer as compared to
the isotactic polymer. The syndiotactic PMMA must have a greater free
volume than the isotactic PMMA. but it is volume unavailable for chain
mobility. The side groups hold the main chain in place. In the blend,
at low levels of syndiotactic content, the packing of the syndiotactic
polymer is disrupted and the volume becomes available to the blend. Tg
is lowered by this effect. As the syndiotactic content of the blend is
increased, the volume again becomes inaccessible and Tg is raised. As
pressure is increased and the total free volume lessened, this effect of
increased available volume becomes more important; this is shown by the
increase in ^22* Thus, the minimum does not occur at atmospheric
pressure, but is evident at higher pressures. This change in molecular
mobility appears to occur rapidly in the region of atmospheric pressure
128
to 100
^^^^^^ ^^^^ ^.^ ^^.^.^^^
^^^^^^^^
region could not be investigated with the current DTA. Below 100 kg/cm^
the signal to noise ratio was too low to allow Tg measurement.
If the positive also signifies a positive excess volume of
mixing. AV„. this would be evidenced by the pressure dependence of the
lower critical solution temperature (LCST) of a blend which phase
separates. The change in critical temperature,
. with pressure may be
approximated by (122):
dT^/dP = (vE/hE)
,3_j3,
c c
E Ewhere V
,
H
.
and x^ are the molar excess volume, molar excess enthalpy.
and critical concentration, respectively. The sign of the T pressure
c
dependence is determined by the sign of the volume of mixing when the
enthalpy of mixing is negative. If the excess volume of mixing is
positive, dT^/dP will be negative. Several studies of the pressure
dependence of critical temperatures of polymer solutions have been
reported (89-93). Suzuki et al. (94) have found evidence of a negative
dT^/dP. where T^ is an LCST, for a poly(ethyl acrylate ) /poly(vinyl idene
fluoride) blend. In this case, pressure has caused compatibility to
decrease since Tj^cg-j- decrease with pressure. The sign of dT^/dP for
blends of the stereoregular PMMA's used in this study could not be
determined because the LCST, if it exists at all, is above the
degradation temperature of the polymers.
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Conclusions and Snpgestion^ f^r Future Wn.v
Amorphous blends of isotactic (99% tactic triads) and syndiotactic
(~ 75% tactic triads) PMMA were found to be compatible by DSC and
dielectric relaxation experiments. The effect of molecular weight and
varying tacticity on compatibility should be investigated.
The compatibility of isotactic PEMA and isotactic PMMA/PEMA
copolymers with isotactic and syndiotactic PMMA was investigated by DSC.
The copolymer with a small amount of ethyl me thacrylate
, i-co(77/23
PMMA/PEMA), was found to be compatible with syndiotactic PMMA. None of
the other copolymers or the isotactic PEMA were compatible with
syndiotactic PMMA, though the i-co(52/48 PMMA/PEMA) /sPMMA blend showed
indications of marginal compatibility. The compatible i-co(77/23
PMMA/PEMA) /sPMMA blends all exhibited rather broad Tg's. Annealing the
samples evidenced no phase separation. Perhaps another technique, such
as dynamic mechanical testing, might separate the single broad Tg into
two Tg's. This might lead to conclusions as to the homogeneity of the
blends. The critical ethyl methacrylate concentration for copolymer
compatibility with sPMMA was estimated at 45%.
The segmental interaction parameters for iPMMA and sPMMA and PEMA
and PMMA (averaged over tacticity) were calculated: y. =
^iso.syndio
-0.012 and Xj^jj^^ gjj^ = 0.027. The critical interaction parameter for the
copolymer-polymer blends, X^iend' found to be 0.003. The
behavior of the copolymer-polymer blends predicted by these interaction
parameters was in agreement with the experimental results.
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The copoly.er-poly.er blend results discussed above were obtained
for isotactic copolymers and syndiotactic homopoly^ers
. It would be of
interest to perform the corresponding experiments for blends of
isotactic PMMA homopolymer with syndiotactic PMMA/PEMA copolymers.
The formation of a stereo co-complex of isotactic and syndiotactic
PMMA's and isotactic PMMA/PEMA copolymers and syndiotactic PMMA was
studied. Isotactic and syndiotactic polymers were found to associate in
a stereo co-complex for iPMMA/sPMMA, i-co(77/23 PMMA/PEMA) /sPMMA, and i-
co(52/48 PMMA/PEMA) /sPMMA pairs. I-co(29/71 PMMA/PEMA) and i-co(39/61
PMMA/PEMA) copolymers did not associate with sPMMA. It seems that the
complex can tolerate a certain amount of PEMA "errors" in the isotactic
PMMA chain. Complex formation also occurred when iPEMA and sPMMA were
mixed in direct contradiction to previously published results (36).
Each of the complexes exhibited a melting peak when the dried samples
were heated in the DSC.
A further investigation of the stereo co-complex phenomenon should
include characterization of the complexes by solid state NMR, X-ray
analysis of the crystal structures, and analysis of dilute solution
properties by, for example, viscosity and light scattering experiments.
The 1:2 isotactic : syndiotactic ratio found for the PMMA complex (48) may
not obtain for complexes of i-co (PMMA/PEMA) copolymers with sPMMA. The
crystal structures may also differ. The complexing ability of a series
of syndiotactic PMMA/PEMA copolymers with isotactic PMMA could be
studied.
Isotactic and syndiotactic PMMA formed compatible blends under
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pressures up to 6,000 Icg/c.^. p,,,
^^^^^ ^^^^^^^^^
with pressure as was expected. T^e change in Tg with pressure. dXg/dP.
decreased with increasing pressure. There was no discernible dependence
of dTg/dP on blend composition in this work.
Pressure-volume-temperature measurements should be performed on the
same samples as were used for DTA experiments. This would allow dTg/dP
obtained from DTA experiments to be compared with dTg/dP calculated from
the Ehrenfest relations. Some conclusions as to the validity of the
various glass transition theories might then be drawn. Also, as shown
by equation 3.18. if AV„ and AH^ are known. dT^/dP can be calculated for
the blend. The pressure, at a given T. at which phase separation would
occur could then be calculated.
The minima found in Tg vs composition curves for blends of iPMMA
with sPMMA under pressure were explained by a free volume argument*,
volume needed for molecular motion not available to the pure components
becomes available to the blend. This decreases Tg. The effect becomes
more important with pressure, as total volume decreases, and so a
minimum in Tg is observed with pressure. The behavior of the minimum in
the pressure region 0 - 100 kg/cm^ should be investigated by a high
pressure technique other than DTA. The possible techniques include use
of a gas pressurized DSC cell, high pressure dielectrics, and pressure-
volume-temperature experiments. The densities of the samples
pressurized in the DTA should be measured. This would require a change
in the DTA sample cups to facilitate sample removal. At present, the
samples are destroyed as they are removed from the cups.
132
The DTA could aUo be used to study phase sep.r.tiou under pressure
for polymeric systems.
133
REFERENCES
1. MacKnight. W.J.. Karasz. F.E.
. Fried. J.R.. i.
1. Paul. D.R.. Newman. S.. eds.. Chapter 5. Academic Press. N.Y.
.
1978.
2. Buchdahl. R.. Nielsen. L.E.. J. Polym. Sci.. 15. 1. (1955).
3. Bank. M.
.
Leffingwell. J.. Theis. C. J. Polym. Sci.: Polym. Phys
Ed.. 10. 1097 (1972).
4. Shultz. A.R.. Gendron. B.M.
. J. Macromol. Sci.. Chem.
. 8. 175
(1974).
5. Elmqvist, C. Svanson. S.E.. Eur. Polym. J.. 12. 559. (1976).
6. Fried. J.R., Ph.D. Dissertation. University of Massachusetts. 1976
7. Alexandrovich. P., Ph.D. Dissertation. University of
Massachusetts. 1978.
8. Krause, S., Roman. N. , J. Polym. Sci.: Part A. 3. 1631 (1965).
9. Kusy, R.P., J. Polym. Sci.: Polym. Chem. Ed.. 14. 1527 (1976).
10. Roerdink, E.. Challa, G., Polymer. 19, 173 (1978).
11. Karasz, F.E., in Preparation and Properties of Stereoreeular
Polymers. Lenz, R.W.
, Ciardelli. F.
.
eds.. pp. 449-457. D. Reidel
Publ. Co., Boston, 1979.
12. O'Reilly, J.M.. Karasz, F.E., Bair. H.E., Bull. Amer. Chem. Soc
.
,
9, 285 (1964).
13. O'Reilly. J.M.. J. Appl. Phys.. 48. 404 (1977).
14. Roe. R.-J.. Tonelli, A.E., Macromol., 12, 878 (1979).
15. Aklonis, J.J., MacKnight, W.J., Shen, M.. Introduction to Polymer
Viscoelasticitv. Chapter 4. Wiley-Intersc ience . N.Y.. 1972.
134
16. Beevers. R.B.. White. E.F.T.
. Trans. Farad. Soc
. . 56. 744 (1960).
17. Thompson. E.V.
.
J. Polym. Sci. A-2. 4. 199 (1966).
18. McMaster. L.P., Macromol.. 6. 760 (1973).
19. Kwei. T.K.. Wang. T.T.
.
in Polymer Blends
. Vol. 1. Paul. D.R..
Newman. S.. eds.. Chapter 4. Academic Press. 1978.
20. Ryan. C.L.. Ph.D. Dissertation. University of Massachusetts. 1979
21. Bauer. R.G.. Bletso. N.C.. Polym. Prep. Amer. Chem. Soc. 10. 632
(1969).
22. Pochan. J.M.. Beatty. C.L.. Pochan. D.F.. Polymer. 20. 879 (1979)
23. Fox. T.G., Bull. Amer. Phys
. Soc. 1, 123 (1956).
24. Couchman. P.R.
. Macromol.. 11. 1156 (1978).
25. Beevers. R.B.. White. E.F.T.
.
Trans. Farad. Soc. 56. 1529 (1960)
26. Beevers. R.B.. Trans. Farad. Soc. 58
. 1465 (1962).
27. Illers. K.-H., Koll. Zeit.. 190. 16 (1963).
28. Powell, E.. Elgwood, B.G., Chem. and Ind.. 901 (1966).
29. Hirooka. M.
,
Kato, T. , J. Polym. Sci.: Polym. Lett. Ed.. 12, 31
(1974).
30. Barton. J.M.. J. Polym. Sci., Part C. 30. 573 (1970).
31. Tonelli, A.E., Macromol., 7, 632 (1974).
32. Tonelli, A.E., Macromol., 8. 544 (1977).
33. Johnston. N.W. . J. Macromol. Sci.. Rev. Macromol. Chem., C14. 215
(1976).
34. Hughes, L.J., Britt, G.E.. J. Appl. Polym. Sci., 5, 337 (1961).
35. Kwei, T.K., Frisch, H.L., Radigan. W., Vogel, S.. Macromol.. 10.
157 (1977).
135
36. Bosscher. F.
.
Keekstra. D.. Challa. G.. Polymer. 22, 124 (1981).
37. Kambour. R.P.. Bendler. J.T.. Bopp. R.C.. General Electric Report.
No. 81CRD230. 1981.
38. ten Brinke. G.. Karasz. F.E.. MacKnight.. Macromol.. in press.
39. Scott. R.L., J. Chem. Phys.. 17. 279 (1949).
40. Krause. S.
.
in PoTj^mer Blends, Vol. 1, Paul, D.R.. Newman. S.,
eds.. Chapter 2, Academic Press, N.Y., 1978.
41. Hildebrand. J.H., Scott, R.L.
.
Regular Solutions
. Prentice Hall.
Englewood Cliffs. N.J.. 1962.
42. van Krevelen. D.W.. Properties of Polymers , second edition, pp.
141-155. Elsevier. N.Y.. 1976.
43. Olabisi. 0.. Robeson. L.M.. Shaw. M.T.
. Polymer-Polvmer
Miscibilitv. pp. 48-59. Academic Press. N.Y., 1979.
44. Roerdink. E.. Ph.D. Dissertation, University of Groningen, 1980.
45. Cowie. J.M.G., Polymer. 10. 708 (1969).
46. Wanatabe. W.H., Ryan. C.F.. Fleischer, Jr., P.C.. Garrett, B.S.. J
Phys. Chem.. 65. 896 (1961).
47. de Boer, A., Challa. G., Polymer. 17. 633 (1976).
48. Vorenkamp, E.J., Bosscher, F., Challa, G., Polymer, 20, 59 (1979).
49. Vorenkamp, E.J., Challa, G.. Polymer, 22, 1705 (1981).
50. Pyrlik, M.
,
Borchard, W.
,
Rehage, G., Uerpmann, E.-P., Angew.
Makromol. Chem., 36, 133 (1974).
51. Spevacek, J., Schneider, B., Makromol. Chem., 176, 3409 (1975).
52. Bosscher, F., Ph.D. Dissertation, University of Groningen, 1981.
53. Feitsma. E.L., de Boer, A., Challa, G., Polymer 16, 515 (1975).
136
54. Spevacek, J.. Schneider. B.
. Makromol. Chem.
. 175. 2939 (1974);
176. 729 (1975).
55. Bosscher. F.. ten Brinke. G.. Challa. G.. Macromol.. 15. 1442
(1982).
56. Lohmeyer. J.H.G.M.. Tan. Y.Y.
. Lako. P.. Challa. G.. Polymer 19.
1171 (1978).
57. McCrum. N.G.. Read. B.E.. Williams. G.. AnelasMc aM Dielect^
Effects in Polymeric Solids. Chapter 5. John Wiley and Sons. N.Y.
,
1967.
58. Klempner. D.. Karasz. F.E.. J. Elas toplas t
. . 4. 180 (1972).
59. Hedvig. P.. Dielectric Spectroscopy of Polymers
. Chapter 5. John
Wiley and Sons. N.Y., 1977.
60. Alexandrovich. P.S.. Karasz, F.E.. MacKnight. W.J.. J. Macromol.
Sci.- Phys., B17. 501 (1980).
61. Ishida. Y.. Yamafuji, K.
, Koll. Zeit., 177
. 97 (1961).
62. Mashimo, S., Yagihara, S., J. Polym. Sci.: Polym. Phys., 16. 1761
(1978).
63. Heydeman. P., Koll. Zeit., 195, 122 (1964).
64. Williams, G., Trans. Farad. Soc, 62. 2091 (1966).
65. Sasabe, H.
.
Saito. S., J. Polym. Sci.: Part A-2, 6, 1401 (1968).
66. Mikhaelov, G.P., Borisova, T.I., Vysokomol. Soed., 2, 619 (1960).
67. Yamafuji, K., Ishida, Y., Reports on Polym. Phys. in Japan, 10, 449
(1967).
68. Shindo, H., Murakami, I., Yamamura, H., J. Polym. Sci.: Part A-1,
7, 297 (1969).
137
69.
70.
72
Kiran. E.
.
GiUha.. J.K., Gipstein, E.
. J. Macromol. Sci. - Phys
.
.
B9. 341 (1974).
Hrouz. J.. Ilavsky. M.
, Spevacek. J.. Trekoval. J.. Makromol.
Chem.. 181, 277 (1980).
71. Pohl, H.A.. Bacskai. R.
. Purcell. W.P.. J. Phys. Chem.. 64. 1701
(1960).
Grigor'eva. P.P., Gotlib. Yu.Ya.. Polym. Sci. USSR. 10. 396
(1968).
73. Tanaka. A.. Ishida. Y.
.
J. Polym. Sci.: Polym. Phys.. 12, 335
(1974).
74. Lyerla. Jr.. J.R.
.
Horikawa. T.T.
.
Johnson. D.E.. J. Amer. Chem.
Soc. 99. 2463 (1977).
75. Inoue. Y., Konno, T.
.
Makromol. Chem., 179. 1311 (1978).
76. Spevacek, J.. Schneider. B.. Polymer, 19. 63 (1978).
77. Hatada, K., Kitayama, T.
, Okamoto, Y., Ohto. K.
, Umemura, Y., Yuki,
H., Makromol. Chem., 179, 485 (1979).
78. Gillham, J.K., Stadnicki, S.J., Hazony, Y. , J. Appl. Polym. Sci.,
21, 401 (1977).
79. O'Reilly, J.M., Mosher, R.A., Macromol., 14. 602 (1981).
80. Hedvig, Chapter 2.
81. Williams, G., Watts, D.C., in Dielectric Properties of Polymers
,
Karasz, F.E., ed., pp. 17-44, Plenum Press. N.Y., 1972.
82. Williams. G.. Trans. Farad. Soc. 60. 1548. 1556 (1964); 62. 1321
(1966).
83. Saito, S., Sasabe. H. . Nakajima, T. . Yada. K. , J. Polym. Sci.:
Part A-2, 6, 1297 (1968).
138
84. Naoki. M.. Motomura. M.. Nose. T.
. Hata. T.
. J. Polyn,. Sci.:
Polym. Phys. Ed., 13, 1737 (1975).
85. Ichihara. S.. Komatsu. A., Tsujita, Y.. Nose. T.
. Hata. T.
.
Poly.
J., 2. 530 (1971).
86. Zoller, P.. J. Poly.. Sci.: Polym. Phys. Ed.. 16. 1261 (1978).
87. Zoller, P., Bolli. P.. J. Macromol. Sci. - Phys.. B18. 555 (1980)
88. Zoller. P.. Hoehn. H.H.. J. Polym. Sci.: Polym. Phys. Ed.. 20.
1385 (1982).
89. Zeman. L.
.
Biros. J.. Delmas. G.
. Patterson. D.. J. Phys. Chem.
.
76. 1206 (1972).
90. Zeman. L.
.
Patterson. D.. J. Phys. Chem.. 76. 1214 (1972).
91. Saeki, S.
.
Kuwahara, N.
.
Nakata. M.
.
Kaneko. M.. Polymer, 16, 445
(1975) .
92. Saeki, S., Kuwahara, N.
, Nakata, M., Kaneko, M.
, Polymer, 17, 685
(1976) .
93. Saeki, S., Kuwahara, N.
, Kaneko, M. , Macromol., 9, 101 (1976).
94. Suzuki, Y., Miyamoto, Y., Miyaji, H., Asai, K., J. Polym. Sci.:
Polym. Lett. Ed., 20, 563 (1982).
95. Takamizawa, K.. Ohno, A., Urabe, Y., Polym. J., 7, 342 (1975).
96. Takamizawa, K., Karasz, F.E., to be published.
97. Weitz, A., Wunderlich, B., J. Polym. Sci.: Polym. Phys. Ed., 12,
2473 (1974).
98. DiMarzio, E.A., Gibbs, J.H., Fleming, III, P.D., Sanchez. I.C.,
Macromol., 9, 763 (1976).
99. Gibbs., J.H., DiMarzio. E.A.. J. Chem. Phys., 28, 373 (1958).
139
100. DiMarzio. E.A.. Gibbs, J.H.. J. Chem. Phys.. 28. 807 (1958).
101. Davies. R.O.. Jones. G.O.. Proc
. R. Soc. Load. Ser. A. 217. 26
(1953)
.
102. Staverman. A.J.. Rheol. Acta. 5. 283 (1966).
103. Gee. G.
, Polymer 7, 177 (1966).
104. Dels. H.-J.. Rehage, G., Macromol., 10. 1036 (1977).
105. Quach. A.. Simha. R.. J. Appl. Phys.. 42. 4592 (1971).
106. Quach. A.. Wilson. P.S.. Simha. R. , J. Macromol. Sci. - Phys.. B9.
533 (1974).
107. Olabisi, 0., Simha. R.
.
Macromol.. 8. 211 (1975).
108. Olabisi. 0.. J. Appl. Polym. Sci., 21. 149 (1977).
109. Rehage. G., Gels, H.-J., High Temp. - High Press., 9, 545 (1977).
110. McKinney, J.E., Simha, R.
, J. Res. Natnl. Bur. Stand., 81A, 283
(1977).
111. Karasz, F.E., Hair, H.E., O'Reilly, J.M., J. Phys. Chem.
, 69, 2657
(1965).
112. O'Reilly, J.M.. in Modern Aspects of the Vitreoos State
, MacKenzie,
J.D., ed.. Chapter 3, Butterworths
.
London. 1964.
113. Doolittle, A.K.. J. Appl. Phys.. 22. 1471 (1951); 23, 236
(1952).
114. Cohen, M.H.. Turnbull, D., J. Chem. Phys., 31, 1164 (1959).
115. Boyer, R.F. , Rubber Chem. Tech., 36. 1303 (1963).
116. Shen. M.C.. Eisenberg. A., Rubber Chem. Tech.. 43. 95 (1970).
117. Cohen, M.H., Grest, G.S., in Annals of the New York Academy of
\
Sciences, Vol. 371, pp. 199-209. New York Academy of Sciences.
N.Y.. 1981.
140
118. Chompff, A.J.. in Potoer Networks: Structure and Mechanical
Properties, Cho.pff, A.J., Newman, S.. eds.. pp. 145-192. Plenu..
N.Y., 1971.
119. Lipatov. Y.. in Advances in Polymer Science. Vol. 26. pp. 63-104.
Springer-Verlag. N.Y.
, 1978.
120. Couchman. P.R.. Karasz. F.E.. Macromol.. 11. 117 (1978).
121. Simha. R.. Wilson. P.S.. Olabisi. 0.. Koll. Zeit.. 251. 402 (1973).
122. Myers. D.B.. Smith. R.A.. Katz. J.. Scott. R.L.. J. Phys
. Chem.
.
70, 3341 (1966).
APPENDIX
DTA Error Analysis
The accuracy of the temperature progranuner is given by Rigaku as ±
0.1%, the accuracy of the recorder as 0.3% full scale.
The temperatures and pressures obtained can only be as good as the T
and P calibrations. The error in the temperature calibration curve was
estimated at ± 1%. The pressure calibration depends on the calibration
of the Heise gauge used as the pressure standard. According to Dresser
Industries, the Heise gauge calibration by dead weight pistons is
correct to 3 parts in 1,000. The gauge could be read to ± 3 kg/cm^.
The error in the pressure calibration curve was estimated at + 2%.
The absolute assignable error due to the thermal lag particular to
this sample cell geometry, the differences in pressure among the actual
points of measurement, the two gauges and the sample itself, and heating
rate effects, are difficult to estimate. However, these errors should
at least be internally consistent: temperature and pressure readings
were always taken from the same direction, low temperature and pressure
to high temperature and pressure; heating rates for all Tg measurements
were 20 K/min; the sample cups were filled with the same volume of
polymer and epoxy. The excellent reproducibility of the data for two of
the samples supports the idea that the assignable error is constant, if
unknown. The Tg vs P curves for the isotactic PMMA and 80i/20s PMMA
samples were each obtained twice, on two different sensors. In both
cases, the two curves for the same sample were super imposable and
exhibited very little scatter.
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One of the more important errors from the difficulty in assigning
transition midpoints. For the samples with sharp transitions, the iPMMA
and 80i/20s PMMA samples mentioned above and the 90i/10s PMMA blend,
this is not much of a concern. However, for samples with broad
transtions. the 50i/50s PMMA and 60i/40s PMMA blends, determination of
the transitions was a problem. This is because the AT baseline was not
straight and the broad transitions tended to become "lost" in the
baseline. This is shown by the scatter for the 50i/50s PMMA blend in
Figure 33.
In conclusion, the total random error for samples with sharp
transitions is approximately + 2% for temperature and + 3% for pressure.
The error is doubled for samples with broad transitions. The error in a
calculated value of dTg/dP is. then. 15 - 20%.
Dielectric Calculations
A. Calculations of shift factors, log a^, for the samples of tactic
poly(methyl me thacrylate ) s in Shindo et al. (68).
log a^ = (-H^/2.303R)(1/T - 1/T^) (3.10)
where is the activation energy for the p relaxation of each sample,
AEp, R = 1.987 cal/deg. mole, and T^ is the reference temperature. The
activation energies were given in (68) for each sample.
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Table 11
Shindo Sample 2
T (K)
3s/llh/86i
= 304.8 K
AEp = 13.4 kcal/mole
log a^
298.3
298.3
288.3
283.3
278.3
273.3
268.3
263.3
258.3
253.3
248.3
243.3
-0.21
-0.38
-0.55
-0.73
-0.92
-1.11
-1.31
-1.51
-1.73
-1.95
-2.19
-2.43
14A
Table 12
Shindo Sample 3
21s/15h/63i
= 298.4 K
AE„ = 15.7 kcal/mole
T (K) log a^
293.3
-0.20
283.3
-0.61
273.3 -1.06
263.3 -1.53
253.3 -2.05
243.3 -2.60
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Table 13
Shindo Sample 5
54s/33h/13i
T^, = 370.3 K
AEp = 22.5 kcal/mole
T (K) log a^
363.3
-0.26
353.3
-0.64
343.3
-1.04
333.3
-1.47
323.3 -1.93
313.3 -2.42
303.3 -2.93
293.3 -3.49
283.3 -4.08
1A6
B. Calculations of dielectric loss p** fnt- dt -> dioiaci^cii , e
, tor the PL 2 PMMA polymers and
b 1 e nd s •
e" = e' (tan 6)
^^.2)
8' = C/C^(l + tan^S) (2 3j
where tan 5 is the dielectric loss tangent, e' is the dielectric
constant. C is the capacitance reading and is the capacitance of the
empty cell. was obtained by:
= (565/sample thickness in mils) + 9.0 (2.4)
C and are in units of picofarads. The sample thickness reported is
an average of several measurements. The tan 6 vs T curves at 100 Hz
were converted to e" vs T curves.
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Table 14
PL 2 Isotactic PMMA
Sample thickness = 11.33 mils
C = 58.87 X 10"12 ^^^^^
C(i 10 farad) tan 6 T (OC) e' e"
132.05
133.00
133.75
0.0150
0.0157
0.0160
-33
-27
-22
2.242
2.259
2.271
0 0336
0.0355
0.0362
134.35 0.0164 -18 2.281 0.0374
134.45 0.0167 -13 2.283 0.0381
135.30 0.0173 -8 2.298 0.0397
136.20 0.0180 -4 2.313 0.0416
137.30 0.0184 0 2.331 0.0429
138.12 0.0188 2 2.345 0.0441
138.82 0.0190 5 2.357 0.0448
139.47 0.0200 8 2.368 0.0434
138.70 0.0200 13 2.355 0.0471
138.10 0.0200 16 2.345 0.0469
139.50 0.0205 20 2.369 0.0486
145.10 0.0215 23 2.464 0.0517
149.00 0.0222 26 2.530 0.0562
149.40 0.0220 30 2.536 0.0558
151.10 0.0226 34 2.565 0.0580
151.60 0.0223 39 2.608 0.0582
156.70 0.0226 44 2.660 0.0601
159.16 0.0230 47 2.702 0.0621
169.70 0.0280 51 2.880 0.0806
188.40 0.0370 54 3.196 0.1182
204.20 0.0460 57 3.461 0.1592
213.40 0.0535 60 3.614 0.1934
222.30 0.0604 62 3.776 0.2281
230.50 0.0660 64 3.898 0.2572
238.70 0.0700 66 4.035 0.2824
246.70 0.0740 68 4.168 0.3084
255.50 0.0760 70 4.315 0.3280
Table 14 (continued)
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C(x 10 farad) tan 5 T (OC)
262.40
271.20
271.00
276.30
284.80
289.40
293.10
0.0760
0.0740
0.0670
0.0540
0.0370
0.0270
0.0200
72
74
77
81
85
89
92
4.432
4.482
4.583
4.680
4.831
4.912
4.977
0.3368
0.3390
0.3070
0.2527
0.1788
0.1326
0.0995295.50 0.0170 95 5.020 0.0853
300.00 0.0200 98 5.094 0.1019
297.70 0.0180 100 5.055 0.0910
298.10 0.0212 102 5.061 0.1073
292.00 0.0250 105 4.957 0.1239
285.30 0.0360 110 4.840 0.1742
U9
Table 15
PL 2 80 i /20s PMMA
Sample thickness = 13.34 mils
= 15.35 X 10~^2 farad
C(x 10^^ farad) tan 5 •
e
1
1
e
'
120.30
121.20
121.76
122.40
122.80
123.42
123.90
124.60
0.0180
0.0185
0.0190
0.0190
0.0194
0.0200
0.0200
0.0205
-29
-23
-20
-17
-13
-11
-8
-4
0 ^ on
^ • H-UZ
^ * 'tZ J
0.0421
0.0435
0.0450
0.0453
0.0464
0.0480
0. 0482
0.0497
125.00 0.0209 -2 ? 4 ^ ^^
. H 0 0 (\ A C A O
125.50 0.0213 0 U . UDZU
125.90 0.0220 4 9 4^1^ • t J JL A A C ^ 0
126.20 0.0222 8 ^ • t J u n n C4 cU •
U
j4 D
126.50 0.0230 13 2 4^9 U . U J 0 0
127.73 0.0235 17* • 2 486
128.10 0.0240 21 2 493
131.10 0.0250 25 2 551 V . V U O O
133.10 0.0255 29 2 590 v • v U U V/
134.50 0.0260 32 2.617 0 0680
136.20 0.0265 37 2.650 0 0702
138.10 0.0270 42 2.687 0 0726
141.40 0.0280 48 2.751 0.0770
147.50 0.0300 54 2.870 0.0861
155.40 0.0350 58 3.022 0.1058
162.20 0.0385 61 3.154 0.1214
171.90 0.0440 64 3.341 0.1470
180.70 0.0490 67 3.510 0.1720
191.40 0.0555 70 3.716 0.2040
203.60 0.0610 73 3.950 0.2410
213.50 0.0640 75 4.141 0.2650
226.10 0.0655 79 4.380 0.2872
234.50 0.0640 81 4.548 0.2910
239.20 0.0595 85 4.642 0.2762
247.80 0.0485 90 4.814 0.2335
254.00 0.0400 94 4.938 0.1975
258.00 0.0320 99 5.019 0.1606
257.10 0.0270 103 5.003 0.1351
254.60 0.0260 109 4.955 0.1288
252.80 0.0280 113 4.919 0.1378
246.70 0.0350 118 4.798 0.1679
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Table 16
PL 2 60 i /40s PMMA
Sample thickness = 13.9 mils
= 49.65 X 10"^^ farad
12C(x 10 farad) tan 6 T (^C) e»
•t -t A f\r\114 . UU
1 1 ^ . ZU
I 1 <11 J . DU
11^I I 0 . / U
11 / . JU
0.0175
0.0175
0. 0180
0.0190
0.0200
-29
-24
-20
-16
-14
2.295
2.320
2.323
2.350
2.360
0.0401
0.0406
0.0419
0.0446
0.0472
1 1 O . OU 0.0190 -9 2.376 0.0451
1 1 Q on11 0 . oU 0.0210 -6 2.392 0.0502
1 ly . zu 0.0210 -3 2.400 0.0504
1 O A AA 0.0225 0 2.416 0.0544
1 O A OAIZU . iU 0.0230 1 2.422 0.0557
IZU. 40 0.0235 4 2.424 0.0570
1 1 A AIZl . uo 0.0240 7 2.436 0.0584
1 A C AIZU • 50 0.0245 11 2.426 0.0594
1 *> A A A120 . 00 0.0250 16 2.415 0.0600
f\/\121. 90 0.0260 21 2.454 0.0638IOC OA125. 80 0.0270 25 2.532 0.0684
1 O O TA128
. 70 0.0290 28 2.590 0.0751
129 . 60 0.0300 32 2.608 0.0782
131 . 00 0.0310 37 2.636 0.0817
133.00 0.0315 41 2.676 0.0843
134 . 50 0.0320 45 2.706 0.0866
lo7 . 00 0.0340 49 2.756 0.0937
140.00 0.0350 55 2.816 0.0986
146.50 0.0385 61 2.946 0.1134
153.00 0.0430 67 3.076 0.1323
158.00 0.0440 70 3.176 0.1397
164.00 0.0465 74 3.303 0.1536
172.00 0.0490 79 3.462 0.1696
180.00 0.0500 82 3.616 0.1808
188.90 0.0510 86 3.795 0.1935
197.00 0.0500 89 3.958 0.1979
206.00 0.0480 92 4.140 0.1987
211.00 0.0460 94 4.241 0.1951
215.00 0.0425 96 4.322 0.1837
218.00 0.0400 98 4.384 0.1753
218.00 0.0350 103 4.385 0.1535
218.00 0.0300 107 4.387 0.1316
218.00 0.0260 113 4.388 0.1141
217.50 0.0245 116 4.378 0.1073
216.00 0.0240 119 4.348 0.1044
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Table 17
PL 2 40 i /60s PMMA
Sample thickness = 14.17 mils
= 48.87 X 10~12 f^^^j
C(x 10^^ farad) tan 5 T ("C) g' "
97.00 0.0190
96.40 0.0200
96.58 0.0204
97.31 0.0216
96.60 0.0230
99.00 0.0240
104.09 0.0270
107.07 0.0293
109.50 0.0310
111.10 0.0320
114.00 0.0333
118.35 0.0360
121.60 0.0366
124.87 0.0370
130.20 0.0370
136.00 0.0370
139.90 0.0370
145.30 0.0360
151.30 0.0340
156.80 0.0320
162.20 0.0310
168.40 0.0300
173.40 0.0290
177.00 0.0280
179.70 0.0260
185.50 0.0233
186.60 0.0230
186.40 0.0230
184.50 0.0220
U 1.984 0.0377
4 1 .972 0.0394
o
o 1.975 0.0403
1 .990 0.0430
17 1.976 0.0454
2.025 0.0486
OA 2.128 0.0575
0 cSd 2.189 0.0641
2 .238 0.0694
A A44 2.271 0.0727
51 2.330 0.0776
57 2.418 0.0871
63 2.485 0.0909
68 2.552 0.0944
74 2.660 0.0984
80 2.779 0.1028
84 2.859 0.1058
90 2.969 0.1069
95 3.092 0.1051
99 3.205 0.1026
102 3.316 0.1028
106 3.443 0.1033
108 3.545 0.1028
111 3.619 0.1013
116 3.675 0.0955
122 3.794 0.0884
125 3.816 0.0878
128 3.812 0.0877
131 3.773 0.0830
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Table 18
PL 2 20 i /80s PMMA
C(x 10^^ farad)
Sample thickness = 13.06 mils
= 52.26 X 10-^2 farad
tan 5 T (OC)
90.08 0.0200 0 1.723 0.0345
90.71 0.0200 2 1.735 0.0347
90.82 0.0200 5 1.737 0.0347
90.50 0.0220 9 1.731 0.0381
91.05 0.0223 12 1.741 0.0388
91.20 0.0235 16 1.744 0.0410
91.26 0.0250 20 1.745 0.0436
95.79 0.0300 25 1.831 0.0549
97.98 0.0300 29 1.873 0.0562
98.34 0.0310 32 1.880 0.0583
99.89 0.0320 37 1.909 0.0615
101.97 0.0340 42 1.949 0.0663
103.63 0.0350 46 1.980 0.0693
106.26 0.0370 54 2.029 0.0751
108.99 0.0380 58 2.082 0.0791
113.20 0.0380 66 2.169 0.0824
116.10 0.0370 71 2.218 0.0821
119.16 0.0358 76 2.227 0.0815
121.70 0.0341 81 2.326 0.0793
124.60 0.0310 90 2.382 0.0738
129.00 0.0280 97 2.466 0.0691
131.90 0.0252 102 2.522 0.0636
135.10 0.0230 106 2.584 0.0594
138.30 0.0210 110 2.645 0.0555
143.20 0.0200 116 2,739 0.0548
156.80 0.0200 123 2.999 0.0600
170.00 0.0200 127 3.251 0.0715
175.20 0.0200 132 3.351 0.0737
176.90 0.0207 138 3.384 0.0700
177.80 0.0200 141 3.401 0.0680
178.20 0.0193 145 3.409 0.0658

